Synthesis of Nanomaterials for Optical and Catalytic Studies by TAN ZHI YI
 SYNTHESIS OF NANOMATERIALS FOR OPTICAL 







TAN ZHI YI 







A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 DEPARTMENT OF CHEMISTRY 
NATIONAL UNIVERSITY OF SINGAPORE 
2013 
 Declaration Page 
I hereby declare that this thesis is my original work and it has been written by me in 
its entirety, under the supervision of A/P Chin Wee Shong, (in the laboratory S7-04-
01), Chemistry Department, National University of Singapore, between 15/10/2008 
and 09/06/2013.  
I have duly acknowledged all the sources of information which have been used in the 
thesis. 
This thesis has also not been submitted for any degree in any university previously. 
The content of the thesis has been partly published in:  
1) Z. Y. Tan, D. W. Y. Yong, Z. Zhang, H. Y. Low, L. Chen and W. S. 
Chin, The Journal of Physical Chemistry C, 2013, 117, 10780. 
 
      






I would like to express my deep and sincere gratitude to my supervisor and co-
supervisor, Associate Professor Chin Wee Shong and Associate Professor Low Hong 
Yee, for their invaluable advice and patient guidance throughout the course of my 
PhD study. 
I would also like to express my most sincere gratitude to Dr Xu Hairuo for her 
constant encouragement when I need them most. She is a great mentor who is selfless 
in imparting knowledge and helping people around her. Her presence is really a great 
support in this tough post graduate studies route. 
Special thanks go to Loh Wei Wei, whom has given me a lot of help and support in 
nanoimprint research work. Without her invaluable advices, my research work in NIL 
would not have gone this far. 
I would also like to thank all my group members Loh Pui Yee, Dr Wang Shuai, 
Huang Baoshi Barry, Chi Hong, Chen Jiaxin, Doreen Yong and Joy Ng for the 
support in my research work and all the encouragement that they have given me. And 
many thanks go to Tan Huiru and Lai Mei Ying, Doreen for their guidance in 
imparting TEM and SEM skills. 
The National University of Singapore (NUS) and Institute of Materials Research and 
Engineering (IMRE) are gratefully acknowledged for supporting my research project 
and providing the research scholarship. I am also grateful to the help from the 
technical staff in Department of Chemistry and IMRE. 
ii 
 
Lastly, I would like to thank my father, mother, sister and brother for all the support 








Table of Contents 
Summary................................................................................................................ vii 
List of Tables.......................................................................................................... ix 
List of Figures........................................................................................................ x 
List of Schematic................................................................................................... xviii
Chapter 1     Introduction..................................................................................... 1 
 1.1 Surface Plasmon Properties of Metallic Nanoparticles................... 1 
 1.1.1 Mie Theory on Size Dependent Optical Properties.................. 2 
 1.1.2 Brief Review on the Preparation of Metallic Copper 
Nanoparticles........................................................................................ 4 
 1.2 Copper/Zinc Oxide Coupled Nanocomposite.................................. 5 
 1.2.1 Preparation of Copper-Zinc Oxide Nanocomposite................. 6 
 1.2.2 Electronic Interaction between Components of 
Nanocomposite Materials..................................................................... 8 
 1.2.3 Alcohol Steam Reforming........................................................ 10 
 1.3 Cadmium Sulfide/Zinc Oxide Coupled Nanocomposite................. 13 
 1.4 Photocatalytic Reactor..................................................................... 18 
 1.4.1 Photocatalytic Design Configurations...................................... 18 
 1.4.2 Nanoimprint Lithography......................................................... 20 
 1.5 Objective and Scope of Thesis........................................................ 22 
 1.6 References....................................................................................... 24 
Chapter 2 Experimental.................................................................................. 30 
 2.1 Chemical Reagents.......................................................................... 30 
 2.2 Characterization Techniques........................................................... 31 
 2.2.1   Transmission Electron Microscopy (TEM)............................... 31 
 2.2.2   Powder X-ray Diffraction (XRD).............................................. 31 
 2.2.3   Ultraviolet-visible (UV-vis) Absorption Spectroscopy............. 31 
iv 
 
 2.2.4    Scanning electron microscopy (SEM)...................................... 32 
 2.3 Preparation of Zinc Oxide Nanorods............................................... 32 
 2.4 Preparation of Zinc Oxide Nanospheres.......................................... 32 
 2.5 Preparation of Cadmiun Thiobenzoate Precursor............................ 33 
 2.6 Preparation of CdS/ZnO Nanocomposites...................................... 34 
 2.7 Photocatalytic Studies Using Methylene Blue................................ 34 
 2.8 Nanoimprint Lithography (NIL)...................................................... 35 
 2.8.1 Nanoimprint System................................................................. 35 
 2.8.2 Preparation of Imprinting Mold................................................ 35 
 2.9 References....................................................................................... 36 
Chapter 3 Synthesis and Studies of Metallic Cu Nanoparticles.................. 37 
 3.1 Optimizing the Synthesis of Cu Nanoparticles................................ 40 
 3.1.1 Direct Reduction from Copper (II) Nitrate............................... 40 
 3.1.2 Reduction from Cuprous Oxide Nanoparticles........................ 42 
 3.1.3 Stability of the Prepared Cu Nanoparticles.............................. 49 
 3.2 Correlation of Surface Plasmon Resonance with Cu Particle Size. 52 
 3.3 Summary.......................................................................................... 55 
 3.4 References....................................................................................... 56 
Chapter 4 Metallic Cu Nanoparticles on Zinc Oxide Host.......................... 58 
 4.1      Synthesis and Characterization of ZnO hosts with different 
morphologies............................................................................................... 59 
 4.1.1    Zinc Oxide Nanorods (NRs)..................................................... 59 
 4.1.2    Zinc Oxide Nanospheres (NSs).................................................... 61 
 4.2 Deposition of Copper Nanoparticles onto the ZnO Hosts............... 65 
 4.3      Copper Deposition Parameters and Mechanism............................... 70 
 4.3.1    Effect of ZnO Concentration and Feed.................................... 70 
 4.3.2    Effect of Aging Time................................................................ 72 
v 
 
 4.3.3    Effect of Cu Precursor Feed Volume....................................... 73 
 4.3.4    Proposed Deposition Mechanism............................................. 75 
 4.4      Plasmon Absorption Properties of Copper Nanoparticles................ 76 
 4.4.1   Correlation between Plasmon Position and Particle Size.......... 76 
 4.4.2    Stability of Cu Nanoparticles................................................... 78 
 4.4.3.  Electronic Coupling Between ZnO Nanorods and Cu 
Nanoparticles........................................................................................ 80 
 4.5      Ethanol Steam Reforming Catalytic Studies.................................... 84 
 4.6     Summary............................................................................................ 89 
 4.7     References......................................................................................... 90 
Chapter 5 Photocatalytic Properties of Cadmium Sulfide/Zinc Oxide 
Nanocomposite....................................................................................................... 92 
 5.1 Formation of Cadmium Sulfide Nanoparticles from Cadmium 
Thiobenzoate in Glycol Solvent System..................................................... 92 
 5.2 Deposition of Cadmium Sulfide Nanoparticles on ZnO Nanorods. 97 
 5.3 Optimization of the Deposition Density of CdS NPs on ZnO 
Nanorods...................................................................................................... 103 
 5.4 Optimization of the Particle Size of CdS Deposited on ZnO 
Nanorods...................................................................................................... 107 
 5.5 Photocatalysis Studies..................................................................... 111 
 5.6 Deposition of Other Metal Sulfide.................................................. 113 
 5.7 Summary.......................................................................................... 115 
 5.8 References....................................................................................... 115 
  
   
Chapter 6 Photocatalytic Reactor Prepared with Nanoimprint 
Lithography............................................................................................................ 117 
 6.1 A Brief Review on the Immobilization of Photocatalysts............... 117 
vi 
 
 6.2 Immobilization of Photocatalysts using NIL................................... 118 
 6.2.1 Removal of Residual Layer Using Oxygen Plasma................. 124 
 6.2.2  Distribution of the Catalyst Particles Within the Imprints....... 126 
 6.3 Catalytic Performance of the Imprinted Systems............................ 129 
 6.3.1 Optimal Amount of Catalyst.................................................... 132 
 6.3.2 Comparison with catalysts embedded onto flat wave guide.... 138 
 6.3.3 Wave Guiding Effect of the Support........................................ 139 
 6.3.4 Recyclability of the Imprinted Catalyst Systems..................... 141 
 6.4 Summary.......................................................................................... 142 
 6.5 References....................................................................................... 143 





The research presented in this thesis is focused on developing wet chemical synthesis 
methods for nanomaterials. The nanomaterials were developed using polyol solvent 
system with consideration of subsequent optical and catalytic studies. The 
applicability of nanomaterials in photocatalytic applications also propel the 
investigation on nanoimprint lithography (NIL) to design a photocatalytic reactor. 
In Chapter 3, we developed synthesis methodology using cuprous oxide as the Cu 
source, ascorbic acid as the reducing agent to prepare metallic copper nanoparticles 
NPs with sizes that can be tuned. Copper particles with sizes ranging from 46 to 90 
nm were synthesized and a clear correlation with plasmon absorption was obtained. 
However, surface oxidation was found to occur fast upon isolation of the NPs, hence 
further utilization of these synthesized particles was restricted. In order to study the 
application and extend the usability of the copper particles, further modification of the 
synthesis was carried out in the next chapter to deposit these particles on another 
semiconductor host. 
The synthesis methodology developed in Chapter 3 was further used in Chapter 4 and 
we successfully demonstrated the coupling of discrete Cu NPs of tunable sizes onto 
ZnO nanorods (NRs). Interesting observations such as the shifts in plasmon resonance 
as well as relative attenuation of ZnO absorption were detected, demonstrating 
possible electronic interaction between the coupled materials. The plasmon peak of 
the metallic copper was also found to vary when the deposition process take place in 
different solvent system, namely triethylene glycol or diethylene glycol. Lastly, 




In order to utilize the majority of the solar energy spectrum, we attempted to deposit 
cadmium sulfide onto the wide bandgap ZnO host in Chapter 5. By adopting the 
glycol solvent system developed in chapters 3 & 4, we demonstrated that the amount 
and sizes of the deposited NPs can be effectively controlled though the tuning of 
reaction parameters. Photocatalytic efficiency was thus evaluated using methylene 
blue dye degradation and it was found that the sizes of CdS sensitizer deposited are 
crucial to the catalyst performance. 
In the process of evaluating the catalyst efficiency, we have found that it is very 
difficult to recover the nano-sized catalyst particles from the reaction solution. Hence, 
in Chapter 6, we designed a photocatalytic reactor using NIL technique to immobilize 
the catalyst onto a specially chosen wave guides. NIL is a well-established imprinting 
technique recently gains wide interest due to its potential for scale up industrial 
applications. The enhancement brought about by the novel introduction of 
topographies has great potential to improve the mass transfer problem happens in 
most common reactor designs. The combination of a suitable polymeric binder 
provides good recyclability and ease of recoverability of the catalysts. Careful and 
further optimization is required to coat a suitable amount of catalyst in order to obtain 
the best performance. 
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Chapter 1 Introduction 
1.1 Surface Plasmon Properties of Metallic Nanoparticles  
The beautiful optical properties possessed by nanostructured metals have attracted 
applications before our scientific understanding of the interaction between light and 
metals were established. There has been a great deal of interest in the aspect of 
quantum size effects, with a primary focus on how metallic behavior and the physical 
properties of metallic nanoparticles (NPs) change with decreasing particle size.1,2 
Advances in modern science and technology have brought about knowledge of even 
further fascinating properties and applications of metallic NPs in catalysis,3-5 
conductive ink,6 photonics,7,8 sensing,1,9 and medicine.10 
The optical properties of metallic nanostructures result from a coherent oscillation of 
conduction band electrons due to interaction with the external electromagnetic field, 
known as plasmon.11 Strong absorption occurs when the frequency of the 
electromagnetic field becomes resonant with the coherent electron motion.12 As the 
plasmon resonances of metals such as gold and copper are strongest in the visible part 
of the electromagnetic spectrum, intense color can be observed. However, unlike 
absorption in semiconductor that involves electron transition between valance and 
conduction band, absorption of metallic NPs arises primarily from electrons 
movement on the surface of the material. As a result, optical properties can be 




  2 
1.1.1 Mie Theory on Size Dependent Optical Properties  
In order to calculate the extinction, scattering and absorption cross sections of 
metallic NPs, Mie theory is often adopted. This is considered through series 
expansion of the involved fields into partial waves of different spherical symmetries11 
as follows: 
  (Equation 1.1) 
  (Equation 1.2) 
 (Equation 1.3) 
with, 
  (Equation 1.4) 
  (Equation 1.5) 
m=n/nm, where n denotes the complex refraction index of the particle and nm the real 
index of refraction of the surrounding medium. k is the wavevector and x = ǀkǀR the 
size parameter, with R being the radius of the particle. ψL(z) and ηL(z) are Riccati-
Bessel cylindrical functions. 
The observed variation in surface plasmon resonance position of metallic NPs has to 
be discussed in two size regions. When the particle size is small, i.e. R << λ, phase 
retardation and effects of higher multipoles can be neglected and the above equations 
can be simplified to Equation 1.6: 
Chapter 1 
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  (Equation 1.6) 
where, εm is the dielectric function of the embedding medium, and ε the dielectric 
function of the particle material.11 This extinction cross section is due solely to dipolar 
absorption, both scattering cross section and higher multipolar contributions are 
strongly suppressed in this size region. 
Without considering higher multipolar contributions, it can be shown from Equation 
1.3 that the effect of particle size results from the size dependency of the dielectric 
constant of the metal. This is often described as the intrinsic size effect12. In the case 
of nano-sized metals, there are two types of contributions to the dielectric constant of 
the metal; the first is due to interband transition from inner d orbitals to conduction 
band. The second contribution is due to free conduction electrons, in particular small 
NPs where scattering of electrons from the particle surfaces becomes important as 
described by Drude model.11 This results in the particle size dependency of ε1 (real 
part of the dielectric constant) and consequently affecting the plasmon resonance 
position. In addition, the position and the shape of the plasmon absorption band also 
depend on the dielectric constant of the surrounding medium. 
For larger metallic NPs ( R > 20 nm), there are many more factors to consider and 
these result in more pronounced shifts in plasmon resonance. The first factor arises 
from the retardation of the fields across the cluster,11 resulting in higher-order charge 
cloud distortion of conduction electrons. This is commonly known as the extrinsic 
size effect. In addition, an increase in particle size results in significant scattering due 
to radiation damping, causing drastic shifts and broadening of the absorption band. 
Increasing cluster volume also increases the amplitude of the extinction cross section., 
Chapter 1 
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Hence it will be interesting to synthesize metallic NPs of sizes between 30-100 nm, 
since the effect of particle sizes on plasmon resonance is more pronounce in this size 
regime. 
 
1.1.2 Brief Review on the Preparation of Metallic Copper Nanoparticles 
Over the last decade, much interest in the preparation of well-defined nanomaterials 
has led to highly sophisticated NPs being obtained from different colloidal methods.13-
15 However, unlike Au and Ag, relatively fewer reports in the literature have 
discussed the synthesis of sub-100 nm Cu NPs. In addition, strong reducing agent 
such as hydrazine is needed in combination with elevated reaction temperature to 
reduce a typical copper salt to metallic Cu. Such synthesis also has to be performed 
under an oxygen-free environment to avoid oxidation of the Cu NPs.16 
Synthesis methods such as thermal and sonochemical reduction,17 microemulsion,18 
chemical reduction,19 and polyol synthesis20 have been developed for the preparation 
of copper NPs. Certain extent of size control has been achieved, however, to a lesser 
degree compared to other noble metals such as Ag and Au. One example of polyol 
synthesis is the preparation of spherical Cu NPs where CuSO4·5H2O is reduced in 
ethylene glycol with NaH2PO2·H2O as the reducing agent. Various sizes of Cu 
ranging from 35 to 60 nm were achieved by varying the molecular weight of the 
capping agent polyvinylpyrrolidone (PVP).20 Microemulsion technique has also been 
utilized,18 where reverse-micelles were used to achieve sub-10 nm Cu NPs. In this 
case, copper(II) bis(2-ethylhexyl) sulfosuccinate (Cu(AOT)2) was reduced using 
hydrazine, in a mixture of isooctane and water solvent system. The authors 
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demonstrated that the shape and uniformity of copper NPs are strongly influenced by 
the ratio of [H2O]/[Cu(AOT)2].  
Decomposition of copper(I) acetate had also been utilized by O'Brien et al.19 and 
Yang et al.21 using trioctylamine/oleic acid and tetradecylphosphonic acid 
respectively to obtain Cu NPs within the sub-20 nm size regime. The metallic Cu 
particles formed were highly uniform and was further made to oxidize, eventually 
forming Cu2O nanocrystals. Other Cu synthesis methods includes thermal and 
sonochemical reduction with copper hydrazine carboxylate precursor,17 synthesis 
using alkylamines acting as both solvent as well as reducing agent with copper (II) 
salts,22,23 however, these methods do not produce well-defined nanoparticles.  
 
1.2 Copper/Zinc Oxide Coupled Nanocomposite 
The recent nuclear energy crisis and the exigency to reduce carbon footprint have 
resulted in tremendous research effort for alternative clean energy source. The 
hydrogenation of carbon dioxide24,25 and utilization of hydrogen gas as clean fuel are 
both attractive solutions to energy problem. In order to achieve these primary goals, 
however, catalysts are needed for attaining efficient conversion that is scalable for 
widespread applications. 
Copper on zinc oxide support, both abundant and low cost materials, has been 
highlighted as a potential material for sustainable conversion of carbon dioxide to 
fuel.26-32 The catalyst was used in alcohol-steam reforming33, methanol synthesis from 
syn-gas34,35 and also as co-catalyst in the photocatalytic conversion of carbon dioxide.  
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1.2.1 Preparation of Copper-Zinc Oxide Nanocomposite 
The commonly employed preparation method for Cu/ZnO composite is co-
precipitation36 where an aqueous mixture of copper and zinc nitrate is added to an 
aqueous solution of sodium carbonate at pH 7 adjusted with NaOH. The obtained 
precipitate is dried and calcined at elevated temperature to obtain the metal oxides. 
Metallic Cu iis subsequently obtained by reduction using hydrogen gas just prior to 
the catalysis process. Another similar method is a homogenous precipitation37 where 
urea is added instead of carbonate and the mixture is hydrolysed at elevated 
temperature. During the hydrolysis of urea, hydroxide ions are generated in the 
homogenous solution as shown in Equation 1.7: 
CO(NH2)2 + H2O → 2NH4+ + HCO3− + OH−  (Equation 1.7) 
 
Better homogeneity is obtained using this reaction method compared to the 
conventional co-precipitation since there is no gradient in the concentration of 
precipitants in the solution. Comparative studies have demonstrated37 that 
homogenous precipitation produces better defined porous structure while co-
precipitation produces ill-defined massive structures as shown in Figure 1.1. Higher 
catalytic performances were obtained from catalyst produced using homogenous 
precipitation due to higher active surface area. 
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Figure 1.1. SEM images (a) Cu/ZnO from homogenous precipitation (b) 
Cu/ZnO from coprecipitation.37 
 
One major drawback with both of these precipitation methods is that the active Cu 
component may be partially embedded within the catalyst composite, resulting in a 
loss of activity. Hence, the obvious approach to enhance the exposure of active copper 
is to deposit copper onto pre-formed ZnO. However, only a few papers reported the 
use of such approach.38 
One reported method of Cu deposition is the electrochemical chemical deposition 
investigated by Kuma et al39. Copper nanoparticles were deposited onto ZnO by 
immersing ZnO film coated ITO in solutions of CuSO4 and KClO4 under fixed 
applied potential. Particle sizes obtained through this deposition were between 100 
nm to 1.5 μm as shown in Figure 1.2. 
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Figure 1.2. (a) SEM and (b) AFM images of Cu-NPs/ZnO composite modified 
electrode.38 
 
1.2.2 Electronic Interaction between Components of Nanocomposite Materials 
When a bulk metal is brought into contact with a semiconductor, a certain amount of 
band bending occurs to compensate for the difference in Fermi energies between the 
metal and the semiconductor.40 This difference in Fermi energy will result in electrons 
flowing from the material with higher Fermi energy to the material of lower energy. 
However, for a macroscopic n-type material such as zinc oxide, in contact with metals, 
a Schottky barrier (depletion layer) is usually formed between the interfaces (Figure 
1.3) which reduces the kinetics of electron injection from the semiconductor to the 
metal component.  
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Figure 1.3. Schematic of Schottky Barrier with n-type semiconductor, Fermi level 
(EF), Conduction band (Ec), Valence band (Ev).40 
 
However, in coupled materials with nano-sized components, the radius of the 
component is smaller than the thickness of the depletion layer that is formed in bulk 
conditions. Thus, generally, there may be no significant depletion layer within the 
nanoparticle to impede the electron transfer.41 It was further noted by Grätzel 42 that 
free diffusion of charge carriers will allow electron transfer within a time of 
approximately 0.1 ps, which is rapid enough to compete with recombination processes. 
In order to probe the electronic interaction between the metal and semiconductor 
components, exciton bleaching character of ZnO may be utilized. In such cases, 
excess charges on the semiconductor will induce a dramatic bleaching of the strong 
exciton absorption band.43 Such exciton bleaching can be attributed to a Mosse-
Burstein44 or Stark effect45,46. In addition, characteristic surface plasmon band 
position of the metal component is also dependent on the electron density of the 
conduction band.47 An increase in electron density results in a blue shift of the band 
position. Combining both the exciton bleaching and the surface plasmon 
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characteristics, it is possible to give some insights to the electronic interaction in a 
nano-sized metal-semiconductor coupled composite. 
 
1.2.3 Alcohol Steam Reforming 
Alcohols such as methanol and ethanol are promising candidates for hydrogen 
production. These compounds are relatively low cost, can be handled easily and 
synthesized from syn-gas obtained from biomass. Furthermore, they can be used in 
steam reforming reactions under mild operation conditions as compared to gasoline or 
natural gas.33 In particular, steam reforming of bio-ethanol (SRE) is seen as a process 
with net zero CO2 emission since the CO2 molecules produced are consumed by the 
biomass’s growth.48 
The possible reaction pathways of ethanol steam reforming have been extensively 
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Table 1.1. Reaction pathways of ethanol steam reforming49,50 
Reaction Equation Remarks 
Sufficient steam supply (1) C2H5OH + 3H2O → 2CO2 + 6H2        
i. ∆H298 =+347.4 kJ/mol  
Ideal pathway, highest 
hydrogen production 
Insufficient steam supply (2) C2H5OH + H2O → 2CO + 4H2         










(4) C2H5OH → C2H4O + H2  
                   
(5) C2H4O → CH4 + CO    
                      
(6) C2H4O + H2O → 3H2 + 2CO 
 





(7) C2H5OH → C2H4 + H2O 
 
(8) C2H4 → polymeric deposits (coke) 
Undesired pathway, 





Methane steam reforming 
(9) C2H5OH → CO + CH4 + H2 
 
 
(10)  CH4 + 2H2O  4H2 + CO2 





(11) 2C2H5OH  CH3COCH3 + CO + 3H2 
 
(12) CH3COCH3 + 2H2O  5H2 + 3CO 
 
Methanation (13) CO + 3H2 → CH4 + H2O 
(14) CO2 + 4H2 → CH4 + 2H2O 
 
 
Coking from Methane 
decomposition 
(15) CH4 → 2H2 + C 
 
 
Coking from Boudouard 
reaction 
(16) 2CO → CO2 + C 
 
 
Water gas shift reaction 
(WGSR) 




As seen from Table 1.1, steam reforming reactions are complex processes comprising 
of many reactions that can be influenced by the properties of catalysts and the reaction 
conditions. It is therefore imperative to develop catalysts which produce high yields 
of hydrogen at low temperatures, preferably without the formation of coke and carbon 
monoxide that leads to the poisoning of PEM fuel cell anode.51  
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Existing catalysts for steam reforming can be broadly categorised into Group 8 to 10 
catalysts and copper-based catalysts. Group 8 to 10 metals such as Rh and Pd exhibit 
different catalytic characteristics from Cu-based catalysts. While the Group 8 to 10 
metal containing catalysts are active for the conversion of ethanol, they possess 
several significant drawbacks. These include their high cost, the tendency to favour 
formation of other unwanted products during the reforming reaction and prone to 
deactivation by poisoning.52 One example reported is Rh/MgO catalyst.53 Although 
100% C2H5OH conversion was observed, a significant amount of undesirable CH4 
was also produced. Another drawback of this catalyst is coke formation. 
On the other hand, Cu-based catalysts are relatively cheaper and they are active and 
selective for the steam reforming reaction. However, copper will sinter at high 
temperatures and are pyrophoric,54 hence there is a need to modify the Cu-based 
formulations to address these issues.  
One modification is the addition of one or more metal oxides to copper catalyst to 
minimise thermal sintering. Catalysts based on copper-zinc oxides composite are the 
most frequently studied systems in methanol steam reforming (MSR) due to their high 
selectivity and activity55 and as an outgrowth of their extensive use in methanol 
synthesis.33 Searching the term “Cu/ZnO catalysts” on the Web of Science portal 
generated at least 970 results with 90% on methanol related reactions (search done on 
12/3/2013).  On the other hand, few ethanol steam reforming studies have been 
performed using Cu/ZnO based catalyst. This is due to higher temperature 
requirement of ethanol steam reforming, resulting from the presence of carbon-carbon 
bond in ethanol. 
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1.3 Cadmium Sulfide/Zinc Oxide Coupled Nanocomposite 
Nuclear energy crisis, fossil fuel depletion has greatly contributed to current future 
energy uncertainty. These greatly propel the tremendous effort made to harvest the 
free and abundant solar energy. Heterogeneous photocatalyst in particular, has gain 
substantial research efforts, especially so after the demonstration of decomposition of 
water into hydrogen and oxygen over single crystal rutile titanium dioxide in a 
photoelectrochemical cell by Fujishima and Honda in 1972.56 Since then, a wide 
variety of photocatalytic applications has been demonstrated, ranging from water 
splitting56, remediation of organic and inorganic pollutants,57,58 to hydrogenation of 
carbon dioxide.  
To design a photocatalytic system, it is important to understand that an integrated 
approach that comprises four key elements is required. These includes understanding 
charge transport, identifying the reaction mechanism, designing an innovative 
photocatalyst and lastly in engineering photon delivery.59  In our investigation, 
although we are interested to synthesize and study the heterogeneous photocatalyst, it 
is important to first understand the charge transport and reaction mechanism within 
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A series of chain oxidative-reductive reactions60 demonstrating the possible reactions 
path upon photon activation are shown as follows: 
Photoexcitation: ZnO + hv  → e- + h+ 
Charge-carrier trapping of e- : e-CB → e-TR 
Charge-carrier trapping of h+ : h+VB → h+TR 




TR) → e-CB + heat 
Photoexcited e- scavenging: (O2)ads + e
- → O2●- 
Oxidation of hydroxyls: OH- + h+ → OH● 
Photodegradation by OH●: R─H + OH● → R’● + H2O 
Direct photoholes: R + h+ → R+● → Intermediate(s)/Final Degradation 
Products 
Protonation of superoxides: O2
●─ + OH● → HOO● 
Co-scavenging of e─: HOO● + e─→ HO2─ 
Formation of H2O2:  HOO
─ + H+ → H2O2 
The mechanism59 of heterogeneous photocatalyst first involved the bandgap 
excitation, generating electron-hole (e- + h+) pairs. These excited charges can 
participate in various reactions as shown in the equations above. For a catalyst to 
drive the intended reaction, two main competing reactions have to be considered, first 
being the recombination of charges releasing photon or thermal energy. The fraction 
of active charges to take part in further reactions is largely dependent on the lifetime 
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of these excited charges. Another competing reaction occurs when the excited charges 
diffuse and are trapped in defect sites, resulting in further loss in catalyst efficiency.  
Excited charges which are not annihilated may then diffuse to the photocatalyst 
surface and oxidize or reduce the surface-adsorbed molecules, through interfacial 
charge transfer to produce radical species. The capability of the generated charges to 
catalyze reactions is governed by the intrinsic band potentials of the photocatalyst 
relative to the redox potential of the surface reaction. It is important to point out two 
particular reactions that are usually involved in aqueous-based photocatalysis. First is 
the generation of hydroxyl radicals (OH●) from water, which have been identified as 
one of the most active and non-selective initiators of oxidation of organic substance. 
Hence, especially in photocatalytic application of water treatment, the absence of 
water molecules that is required in the formation of OH● impedes the 
photodegradation of liquid phase organics.60 Oxygen, on the other hand, often act as 
oxidant, forming superoxides radical O2●-. Despite being a weaker radical, it can be 
further protonated to form more reactive radical species such as hydroperoxide 
radicals and hydrogen peroxide. With the presence of molecular oxygen acting as an 
electron scavenger, it is vital to prolong the lifetime of excitation60, and prevention of 
recombination can greatly improve the function of the photocatalyst. 
Upon understanding the mechanism of photocatalysis, two important processes can be 
identified to be critical in contributing to the overall efficiency of the photocatalytic 
system, in particular where solar energy is to be utilized. The first process is the 
absorption of the photon and the efficiency of photon absorption is mainly determined 
by the material bandgap. Incident photons that come with energies lower than the 
bandgap will not be absorbed. An example is shown in Figure 1.461 for solar light of 
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standard A.M. 1.5, material with bandgap of 1.23 eV is able to absorb up to 75% of 
the solar energy. On the other hand, when the absorbed photon energy is larger than 
the bandgap, the excess energy is dissipated as heat, hence only partial of the photon 
energy is efficiently used for intended applications. 
 
Figure 1.4. Energy profile of the solar spectrum with AM 1.5. 
 
UV light only constitutes 5 – 7% of the solar spectrum, with the rest made up of 
visible light (46%) and infrared radiation (47%). Thus, well-studied photocatalyst 
such as TiO2 and ZnO are only active in UV region and are not able to meet the high 
efficiency demand for widespread utilization. Hence, extensive research is now 
focusing on the search of visible-active photocatalyst to improve the conversion 
efficiency of a larger portion of the solar spectrum. 
Another important phenomenon that we learn is the excited charge lifetime. Unlike in 
applications such as light emitting diode where the recombination of charges is 
favored, the lifetime of the excited charges have to be prolonged for a semiconductor 
photocatalyst to allow diffusion of charges to the surface to initiate reactions. To 
extend the lifetime of these charges, many strategies has been devised and one of the 
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most common method is through the coupling with another material62 with staggered 
energy levels. This allows excited charge to be transferred, thus decreasing the 
probability of recombination in the host material. Schematic diagram62 in Figure 1.5 
illustrates the coupling of two different semiconductor particles and the resulting 
charge separation. 
 
Figure 1.5. Schematic illustration of the coupling of wide band gap semiconductor 
with a narrow band gap semiconductor. 
 
Synthesis of such coupled material had been widely investigated and the most popular 
deposition method to date is the successive ionic layer adsorption and reaction 
(SILAR) technique.63 Self-assembled monolayer (SAM) technique which uses 
bifuntional coupling agent such as mercaptoacetic acid has also been frequently 
utilized for the deposition of metal chalcogenide.64,65 Although such techniques allow 
more control over the deposited particle size, the loading level is limited to several 
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monolayers coverage,66 heavily limiting their applications where optimal conditions 
requires more coverage. 
 
1.4 Photocatalytic Reactor 
In order to design a fully functional photocatalytic system, a reactor that complements 
the intended catalyst is also critical for its eventual efficiency. There are many 
advantages associated with the utilization of nano-sized catalysts in catalytic 
processes. However, it is extremely difficult to remove these catalysts from the 
reactor in an efficient manner. Hence, considerations especially in this regard have to 
be made when integrating these catalysts into a photocatalytic reactor. 
 
1.4.1 Photocatalytic Design Configurations 
Two critical factors that determine the overall efficiency of the system that are 
governed by the photoreactor configuration are photo delivery and mass transfer. 
Mukherjee and Ray had classified various photoreactor configurations into four 
groups,67 depending on a few factors. These include the way the catalyst is utilized, 
the light source arrangement and the reactor vessel configuration. Examples include 
the slurry-type reactor where catalyst particles are suspended in the reaction medium; 
immersion-type where light source is immersed within the reactor; external-type 
where lamps are outside the reactor; and distributive-type where light is distributed 
from the source to the reactor by optical guide. Each class of photoreactor usually 
provides superior performance in either mass-transfer or photo-delivery, but rarely 
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both.59 As we are interested in the direct harvesting of solar energy, we will limit our 
discussion to the slurry-type and distributive-type reactors. 
Slurry-type reactor configuration is the most commonly employed in laboratory 
studies. This possesses excellent mass transfer with small catalyst particles that can 
provide large surface area. However, efficient photo-delivery is only limited to the 
minority of the catalyst particles near to the light source, due to poor light penetration 
into the suspension. This results from the liquid medium absorbing light and the 
scattering of light due to catalyst particles and reactants. Such poor light penetration 
becomes even worse for larger reaction vessels, making solar harvesting in a 
commercially feasible manner to be difficult. 
On the other hand, immobilized catalyst reactor system, or thin film system where 
photocatalyst is present as a thin film on the reactor walls, presents better photon 
delivery with lesser extent of light scattering. However, with part of the catalyst 
particle embedded within the film, lesser amount of surface area is exposed, thus 
limiting the mass transfer efficiency tremendously. The loss of surface area exposed 
to the reaction medium is inevitable, and it had been previously demonstrated that the 
degradation rate does not increase with the quantity of catalyst immobilized. In fact, if 
efficiency is measured against per unit of catalyst, the efficiency suffers a reduction 
instead.68,69  
In Figure 1.6, a schematic diagram shows a reactor system with multiple layers of 
catalyst being immobilized on the support. In the case where illumination occurs 
through the reaction medium, directly on the external layer of the catalyst, we will 
expect little improvement in catalyzing rate with increment of the amount of catalyst 
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deposited, as the catalyst below the top layer has little contact with the reaction 
medium.  
 
Figure 1.6. Schematic diagram showing multiple layers of catalyst deposited. 
 
In a distributive system where the support also acts as the wave-guiding medium, we 
will expect the efficiency of the system to be significantly reduced as the layers of 
catalyst increases. This is because, photon is only delivered to the catalyst layer that is 
nearest to the support, but being well embedded, the catalyst layer is kept out of reach 
for the reactants.  
 
1.4.2 Nanoimprint Lithography 
Since the introduction of nanoimprint lithography (NIL) by Chou et. Al in 1995,70 
considerable research has been made to attain major advances in this nanofabrication 
process. In NIL, nanostructures are created by a mold with nanoscale patterns, 
physically pressed into a deformable resist. Unlike photolithography, where 
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wavelength of light limits the feature size to approximately 1 micron, NIL can define 
nanostructures as low as 10 nm. In comparison with electron beam lithography, the 
processing time and cost of NIL is also significantly lower. 
NIL can be broadly categorized into two types based on its curing method: thermal-
NIL and ultraviolet (UV)-NIL. In thermal-NIL, the polymer film is heated above its 
glass transition (Tg) temperature and deformed into the mold pattern under high 
pressure. The patterned film is subsequently cooled below the Tg temperature and the 
polymer is hardened to retain the printed pattern. 
Another variation of thermal NIL is reactive reversal NIL,71 where a mixture of 
monomers, initiators and crosslinkers are drop-casted onto the mold, while 
polymerization and crosslinking occur during the imprinting process when heat is 
applied. This method complements the conventional NIL process, extending the 
applicability of NIL to a wider range of polymeric materials which is initially 
unsuitable. Possibility to apply co-polymerization also allows the tuning of material 
properties according to the intended applications. 
The UV-NIL is similar to reactive reversal NIL, except that UV light is used to cure 
the polymeric film. The major benefit of UV-NIL is that process can be carried out 
under room temperature, making the process time shorter, without the need for 
heating and cooling. This also allows the imprint processing in applications where 
high temperature is undesirable. 
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1.5 Objective and Scope of Thesis 
From the above introduction, we presented various technological advances that were 
brought about by shrinking conventional materials to the nano-size regime. However, 
in the case of metallic copper, chemical synthesis methods that are able to tune the 
sizes of the to achieve varying plasmon peak position are still lacking.  Hence we first 
set out (Chapter 3) to develop synthesis methodology to prepare metallic copper 
nanoparticles with sizes that can be tuned by varying the reaction conditions 
marginally. This is critical as surface plasmon is an inherently surface sensitive 
property, hence particles obtained using method with drastic variation in synthesis 
parameters may result in surface plasmon profile that is not solely due to a change in 
particle size.  In Chapter 3, we developed a synthesis methodology using cuprous 
oxide as the Cu source, ascorbic acid as the reducing agent, PVP as the protecting 
agent and ethylene glycol as the solvent system. Copper particles with sizes ranging 
from 46 to 90 nm were synthesized and a clear correlation with plasmon absorption 
was obtained.  
The synthesis methodology developed in Chapter 3 was further used in Chapter 4 to 
deposit metallic copper particles onto ZnO semiconductor host. Our aim was to 
separately control the morphology of the host and the deposited particles. Optical 
absorption properties were investigated and ZnO peak attenuation was observed with 
the Cu deposition, demonstrating possible electronic interaction between the coupled 
materials. The plasmon peak of the metallic copper was also found to vary when the 
deposition process take place in different solvent system, namely triethylene glycol or 
diethylene glycol. Lastly, catalysis studies of ethanol steam reforming were performed 
using the Cu/ZnO composites prepared. 
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Due to its wide direct bandgap, the photocatalytic applications of ZnO are limited to 
the UV region. Thus, in order to utilize the majority of the solar energy spectrum, we 
attempted to deposit cadmium sulfide onto the ZnO host in Chapter 5. Cadmium 
sulfide is able to function as a visible light sensitizer with its narrower bandgap of 
2.4eV. By adopting the glycol solvent system developed in chapters 3 & 4, we 
managed to prepare size-controllable CdS nanoparticles onto ZnO nanorods.. 
Photocatalytic efficiency was thus evaluated using methylene blue dye degradation. 
In the process of evaluating the catalyst efficiency, we have found that it is very 
difficult to recover the nano-sized catalyst particles from the reaction solution. As 
discussed in Section 1.4, each of the current catalytic reactor configurations possesses 
its own limitations, Hence, in Chapter 6, we attempted to design a photocatalytic 
reactor using NIL technique to immobilize the catalyst onto specially chosen wave 
guides. Since the scope of this chapter is rather different compared to the previous 
chapters, an introductory review and details of our approach will be further elaborated 
in Sections 6.1 and 6.2. 
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Chapter 2 Experimental 
2.1 Chemical Reagents 
All chemicals are obtained from commercial sources as given in Table 2.1. They are 
used as received unless otherwise specified. 
Table 2.1. Chemicals and solvents used in the work describe in this thesis; their purity 
and sources. 
Chemical Purity Formula Source 
Coppr (II) Nitrate 
Pentahemihydrate Min 98% Cu(NO3)2·2.5H2O Aldrich 
1-octadecene (ODE) 90% CH2=CH(CH2)15CH3 Aldrich 
2-propanol 98% CH3CH(OH)CH3 Merck 
Dodecylamine 98% CH3(CH2)11NH2 Aldrich 
Ethanol 99.9% CH3CH3OH Merck 
Hexane AR Grade CH3(CH2)4CH3 Merck 




Sodium Carbonate Decahydrate 99% Na2CO3·10H2O Dumont 
Sodium Hydroxide 99% NaOH Chemicon 
Thiobenzoic Acid 90% C6H5COSH Fluka 
Trioctylphosphine (TOP) 90% [CH3(CH2)7]3P Fluka 
Zinc Acetate Dihydrate Reagent Grade Zn(CH3COO)2·2H2O Aldrich 
1H,1H,2H,2H-
perflourodecyltrichlorosilane 97% Cl3Si(CH2)2(CF2)7CF3 Alfa Aesar 
Ormostamp - Proprietary Formula Microresist Technology 






2.2 Characterization Techniques 
2.2.1   Transmission Electron Microscopy (TEM) 
TEM was performed either on a JOEL 2010 Electron Microscope operating at an 
acceleration voltage of 200kV or Philips CM300 FEGTEM operating at an 
acceleration voltage of 300kV. For TEM sample preparation, nanoparticles were 
dispersed in propanol and the solution was dropped onto a 200 mesh carbon-coated 
copper grid. All the prepared grids were dried in vacuum before analysis. 
 
2.2.2   Powder X-ray Diffraction (XRD) 
XRD patterns was acquired using a Siemens D5005 X-ray powder diffractometer with 
Cu Kɑ radiation (λ = 0.15406nm). Samples were prepared using 2 methods: in the 
first method, the samples were ground and placed onto double-sided tapes that were 
mounted to the sample holder. Alternatively, samples were dispersed in propanol and 
multiple drops of a concentrated solution were drop-casted on the glass plate and 
dried before the analysis. The second method is useful especially when the sample 
quantity is very low. 
 
2.2.3   Ultraviolet-visible (UV-vis) Absorption Spectroscopy 
UV-vis absorption spectra were recorded on a Shimadzu UV-3600 spectrophotometer 
using either pure ethanol or 2-propanol as reference. All nanoparticle samples were 
dispersed in suitable solvents before analysis. Fast scan speed mode was used with 




2.2.4    Scanning Electron Microscopy (SEM) 
SEM analysis was carried out with JEOL JSM6700F Field Emission Scanning 
Electron Microscope at 5kV. Imprinted samples were sputtered with a thin gold layer 
before loaded to the chamber. 
 
2.3 Preparation of Zinc Oxide Nanorods  
The synthesis of ZnO nanorods followed a reported method by Chin et al, 1 21 using 
oleylamine (OLA) as both the capping and reducing agent. In a three-necked flask, 3 
mmol of zinc acetate and 1.2 mL of OLA were degassed at 70°C for 45 minutes. The 
reaction mixture was subsequently heated to 240°C for 15 minutes under nitrogen 
purging. The mixture was cooled and 8 ml ethanol was added to the reaction products. 
The mixture was centrifuged with the supernatant discarded and the precipitate was 
washed twice with ethanol for complete removal of the reactants or by-products. The 
ZnO rods were finally redispersed in triethylene glycol (TEG) with sonication for 
subsequent deposition of cadmium sulfide nanoparticles.  
 
2.4 Preparation of Zinc Oxide Nanospheres 
In order to synthesise Cu/ZnO nanocomposite with ZnO spheres 2,3 as the host, 20 mg 
Zn(OAc)2•2H2O was dissolved in 6 mL DEG to form a precursor solution of 0.1 mol 
L-1. This precursor solution was first purged under nitrogen at 70°C for 30 minutes 
and then the temperature was raised to 170–180°C. Precipitation of ZnO usually 




at 170–180°C. The resultant mixture was centrifuged, the supernatant was discarded 
and precipitate was washed with ethanol to remove any reactants and by-products.  
The supernatant containing small ZnO crystallites was used as seed crystals in a 
subsequent step.  Thus, in another pot, the 0.1 mol L-1 Zn(OAc)2•2H2O in DEG 
precursor mixture was heated to 150°C and a small amount of the supernatant 
synthesized in the first step was added. Subsequently, the reaction mixture was heated 
to 170°C for 15 or 30 minutes of aging. Precipitation occurs at slightly lower 
temperature (~150°C) compare to the reaction without seed crystallites above. This 
method produces ZnO spheres with controllable particle size and more uniform size 
distribution.  
 
2.5 Preparation of Cadmiun Thiobenzoate Precursor 
The synthesis of cadmium thiobenzoate (CdTB) followed a method reported by 
Savant et al.4 First, 2.9g of sodium carbonate (Na2CO3.10H2) was dissolved in 20 mL 
of deionised water. Then, 2.4 mL of thiobenzoic acid (TBA) was added to the solution 
and stirred for a period of 30 minutes. A separate aqueous solution of cadmium 
chloride was prepared by dissolving 2.3g of cadmium chloride (CdCl2. 5/2H2O) in 20 
mL of deionised water. This was subsequently added dropwise into the stirring 
mixture of Na2CO3.10H2O and TBA. The final mixture was allowed to react at room 
temperature for an hour. The cream coloured precipitate formed was dispersed using 






2.6 Preparation of CdS/ZnO Nanocomposites  
To deposit cadmium sulfide nanoparticles onto ZnO rods, the prepared CdTB was 
decomposed in situ with ethylene glycol (EG). 20 mg ZnO rods dispersed in 8ml TEG 
was added in a three-necked flask and purged under nitrogen at 70°C for 15 minutes 
followed by an increase in temperature to 160˚C. In a separate pot, 20 mg CdTB was 
dissolved in 2 ml EG, and added in a dropwise manner to the three-necked flask with 
a further 10 minutes of aging time. The precipitate was isolated and washed with 
ethanol 2 times to ensure complete removal of the reactants or byproducts. 
 
2.7 Photocatalytic Studies Using Methylene Blue  
Catalytic activity was measured under a light flux of 100 mW cm-2 generated by an 
ABET solar simulator (Model Sun 2000, 150 W Xe Arc lamp with AM 1.5 G filter). 
Prior to the reaction, catalysts were dried under vacuum at 90°C. This was to ensure 
the complete removal of organic agent adsorbed on the catalyst surface. 5 mg of the 
catalyst sample was subsequently dispersed into the methylene blue (MB) solution 
(10 mg/L H2O) and allowed to stir for 30 min. Long pass filter with cut off 
wavelength of 390 nm was placed on top of the reaction beaker to filter out UV light. 
Two separate controlled experiments were conducted, first with catalyst dispersed in 
MB, but without solar radiation, and another with blank MB dye under solar radiation 
in the absence of catalyst. The beaker of MB solution with catalyst added was 
exposed to the simulated sunlight for a period of 2 hours. The beaker was immersed in 
a circulating water bath to ensure that reaction temperature was maintained at room 




removed through centrifugation. The absorbance of the dye was monitored at 
wavelength of 663 nm for each sample withdrawn. 
 
2.8 Nanoimprint Lithography (NIL) 
2.8.1 Nanoimprint System 
The NIL process were performed using a NIL-4" system from Obducat Company. 
The system consists of a heater unit, cooling unit, imprint stage, elevator, pressure 
chamber and safety hood. The loader plate is used to insert the imprint sample into the 
imprint stage, elevator elevates and locks the stage to the top pressure chamber and 
heater is used to control the temperature of the imprint process. The imprinting 
process is automatic via software control. When the imprinting process is complete, 
the demolding is performed and mold is detached from the substrate manually. 
 
2.8.2 Preparation of Imprinting Mold 
Silicon wafer molds with partnered structures are supplied by the Institute of 
Microelectronics, Singapore. The size of the mold was 2 x 2 cm, with line feature of 2 
μm. 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) was used to create an anti-
stick layer on the Si mold to facilitate the demolding process after imprinting. In our 
preparation, the Si molds were thoroughly cleaned with oxygen plasma and treated 






(1) Zhang, Z.; Lu, M.; Xu, H.; Chin, W.-S. Chemistry – A European Journal 2007, 13, 
632. 
(2) Jézéquel, D.; Guenot, J.; Jouini, N.; Fiévet, F. Journal of Materials Research 1995, 
10, 77. 
(3) Seelig, E. W.; Tang, B.; Yamilov, A.; Cao, H.; Chang, R. P. H. Materials Chemistry 
and Physics 2003, 80, 257. 




Chapter 3 Synthesis and Studies of Metallic Cu Nanoparticles 
Copper, the cheapest metal of the three coinage metals, has found a wide variety of 
industrial applications.[1] It has also been tested for catalytic reactions, in particular 
methanol synthesis[2, 3] and the water-gas shift reaction.[4] Cu nanomaterials offer 
potential applications in medical diagnosis and biological analysis,[5] as their surface 
plasmon resonance occurs in the visible range and they have good surface enhanced 
Raman scattering properties. A variety of synthesis methods to prepare Cu 
nanomaterials have been reported, including chemical reduction,[6-8] polyol 
reduction,[9] thermal reduction,[10] sonoelectrochemical synthesis,[11] UV irradiation[12] 
and reverse micelle growth.[13, 14] Due to the high tendency of Cu towards oxidation, 
hazardous reducing agents such as hydrazine are required in addition to high reaction 
temperature and an inert atmosphere. Such challenges are probably the primary 
reasons why solution-phase syntheses of Cu nanocrystals have not been widely 
explored despite the technological advantages.[15] 
In spite of all the potential applications, the optical properties of Cu NPs remain the 
least studied compared to Au and Ag. This is mainly due to challenges in the 
synthesis of stable Cu NPs that exhibit intense plasmon resonance, especially with 
sizes between 20 to 100 nm where most of the interesting optical properties are 
expected. In addition, any slight oxidation of the Cu surface will result in variation of 
the plasmon position and profile.[16] As shown in Table 3.1, large disparity has been 
reported in the literature between the copper particle sizes and its respective plasmon 
peak position. Such disparity is not unexpected since plasmon resonance is a surface 
sensitive property and hence may vary due to solvent and/or capping system used. 
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However, none of the literature we found demonstrates a good correlation of varying 
plasmon position with particle sizes as predicted by Mie Theory (Section 1.1). 
In this Chapter, we aim to design a synthesis method that will allow the preparation of 
metallic Cu NPs with tunable sizes. We began by adopting reported synthesis[17] in the 
literature, and aim to optimize the preparation of monodispersed Cu NPs for detailed 
surface plasmonic studies. In our study, we deliberately avoided the use of a strong 


























































































































































































































































































































































































































































































































































































































































































































































3.1 Optimizing the Synthesis of Cu Nanoparticles 
3.1.1 Direct Reduction of Copper (II) Nitrate 
In our initial investigation, the synthesis method reported by Wang[17] using copper(II) 
salt in ethylene glycol (EG) solvent was adopted. In this synthesis, 
polyvinylpyrrolidone (PVP) was used as stabilizer and ascorbic acid was used as the 
reducing agent. First, 0.15g (0.06 mole) PVP was dissolved in 6 mL of EG and the 
mixture was degassed at room temperature for 15 minutes in a three-necked flask. The 
mixture was then heated to 160°C under nitrogen atmosphere. In two separate pots, 
0.2g (0.00114 mole) of ascorbic acid and 0.01g (0.043 milimole) copper (II) nitrate 
salt were dissolved in 2 mL and 0.5 mL of EG respectively. The ascorbic solution was 
first injected swiftly into the three-necked flask and temperature of the resultant 
mixture was allowed to rise to 160°C again. After that, the copper(II) solution was 
injected and the solution changed from colorless to red in about 30 seconds. The 
mixture was cooled to room temperature after further aging for 5 min. Subsequently, 
0.1 mL aliquot was withdrawn from the reaction mixture for absorption spectroscopic 
analysis. The remaining sample was cooled and 8 mL isopropyl alcohol (IPA) was 
added to the reaction products. The mixture was centrifuged, the supernatant 
discarded and the precipitate was washed twice with IPA for complete removal of the 
reactants or by-products.  
XRD as shown in Figure 3.1 demonstrates the successful reduction of copper salt to 
the metallic state. From TEM analysis (Figure 3.2), we found that the copper particles 




Figure 3.1. XRD pattern of Cu particles synthesized from copper nitrate. 
 
 
Figure 3.2. TEM images showing Cu particles synthesized from copper nitrate. 
 
In the absorption analysis (Figure 3.3), high absorption background was observed. 
This background may correspond to the scattering resulting from the large particle 
sizes. A broad plasmon resonance peak was found at approximately 600 nm, which is 
significantly red-shifted from the reported plasmon peak (570-582 nm) for Cu NPs.[18]  
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From this initial investigation, we have failed to obtain uniform Cu NPs as reported in 
the literature.[19] We suspect that the reduction of Cu2+ directly to Cu0 using ascorbic 
acid will provide a sluggish formation of reduced Cu monomers that leads to the 
formation of large copper particles with wide size distribution.  
 
Figure 3.3. Absorption spectrum of Cu particles synthesized from copper nitrate. 
 
3.1.2 Reduction from Cuprous Oxide Nanoparticles 
In this section, we attempted to first reduce Cu2+ to Cu+ before finally form the Cu0 
NPs. We started with a reported literature that prepared cuprous oxide NPs from 
copper (II) nitrate salt.[28] First, 0.3g (0.12 mole) of PVP, 0.1g (0.43 mmole) of copper 
(II) nitrate salt and 0.015g (0.257 mmole) of NaCl was dissolved in 14 mL of EG. The 
mixture in a three-necked flask was degassed at room temperature for 15 minutes 
before being heated up to 135°C. Upon reaching 135°C, the pale blue colour of the 
solution intensified and subsequently turned green and rapidly to orange after 
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approximately 50 minutes. A further 20 minutes of aging was allowed after which the 
product was centrifuged and washed with IPA once.  
In this methodology, EG is acting as the reducing agent in the reaction [28] as follows:  
2 HOCH2CH2OH → 2CH3CHO + 2H2O   (Equation 3.1) 
CH3CHO + 2 Cu(NO3)2 + 2 H2O → CH3COOH + 4 HNO3 + Cu2O    (Equation 3.2) 
XRD analysis (Figure 3.4) was found to correlate well with that reported by Xia et 
al.[28] This demonstrated the successful synthesis of Cu2O NPs with relative intensity 
that matched well with cubic crystal structure, JCPDS no. 03–0892. Absorption 
analysis (Figure 3.5) revealed the synthesized particles possess excitonic peak at 
approximately 420 nm. This absorption wavelength was much blue shifted compared 
to the expected bulk absorption at 580 nm for Cu oxide.[18]  
 




Figure 3.5. Absorption spectrum of synthesized cuprous oxide NPs. 
 
Figure 3.6 and 3.7 show the typical SEM and TEM images of the synthesized cuprous 
oxide NPs respectively. The morphology was mainly cubic shape and the average 
diameter of these cubes was estimated to be 210 ± 40 nm.  
  




Figure 3.7. TEM images of synthesized cuprous oxide NPs. 
 
Upon the successful synthesis of Cu2O NPs, we attempted further reduction using 
similar experimental steps as described previously for the direct reduction of Cu(II) 
salt. Thus, varying amounts of the isolated cuprous oxide NPs were dispersed in 6 mL 
of EG and the solution was injected swiftly into the hot mixture of PVP and ascorbic 
acid. The orange Cu2O solution turned into dark reddish color within a couple of 
seconds upon injection, indicating the fast kinetics of this reduction process. The 
mixture was then cooled to room temperature and IPA was added to the reaction 
products. The mixture was centrifuged with the supernatant discarded and the 
precipitate was washed twice with IPA for complete removal of reactants or by-
products.  
Figure 3.8 presents the typical XRD patterns obtained from Cu NPs synthesized from 
the reduction Cu2O. Well defined peaks demonstrating the successful conversion of 




Figure 3.8. XRD patterns of Cu NPs reduced from Cu2O NPs. 
 
Plasmon absorption spectrum obtained from a few drops of the as-synthesized Cu NPs 
sample diluted with IPA is presented in Figure 3.9. A distinct peak profile with 
absorption maximum at 574 nm is clearly obtained, in good contrast to that in Figure 
3.3 (which is reproduced here for comparison).  
 
Figure 3.9. Absorption spectrum of copper NPs synthesized from Cu2O NPs, 
comparing with that prepared from copper(II) nitrate reproduced from Figure 3.3. 
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Further SEM and TEM analysis (Figure 3.10 and Figure 3.11) showed that copper 
NPs synthesized from the injection of cuprous oxide NPs was significantly smaller, 
with average sizes below 100 nm. Thus, it seems that the original Cu2O NPs dissolved 
in the presence of the reducing agent to provide Cu0 monomers (Scheme 3.1). 
Compared to the direct reduction from Cu2+ (Section 3.1.1), the reduction from Cu+ 
with ascorbic acid proceeded relatively fast (as seen from the immediate changed to 
dark red color), hence fast nucleation occurred and monodispersed Cu0 NPs were 
produced.  
 





Figure 3.11. TEM image of copper NPs synthesized using cuprous oxide NPs. 
 
 
Schematic 3.1. Proposed reduction process by injecting Cu2O NPs into hot mixture of 
ascorbic acid and PVP. 
 
 We found that the average sizes of the resulting Cu NPs can be readily controlled 
through varying the amount of Cu2O NPs feed in this reaction. Thus, we decided to 
adopt this synthesis method for sized-controlled syntheses of Cu NPs and attempted to 
study the correlation of particle sizes with plasmon properties in Section 3.2. 
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3.1.3 Stability of the Prepared Cu Nanoparticles  
To further investigate the role of PVP in the synthesis process, we performed a 
control reaction by deliberately leaving out PVP in the reaction. Interestingly as seen 
from Figure 3.12, while a distinct narrow plasmon resonance of Cu(0) is still 
observable, there is indication of broader cupric oxide peak at longer wavelength 
region. This demonstrates that surface oxidation could have occurred without the 
protection agent. 
 
Figure 3.12. Absorption spectrum of copper NPs synthesized from Cu2O NPs without 
using PVP. 
 
In order to further ascertain the stability of the Cu NPs formed, attempts were made to 
isolate the as-synthesized samples through cycles of washing with IPA and 
centrifugation. However, it was observed that upon discarding the supernatant and re-
dispersing the precipitate in IPA through sonication, the product turned darker in 




Figure 3.13. Photograph showing Cu NPs (A) as-synthesized, (B) after washing 2 
cycles with IPA. 
 
Figure 3.14 compares the absorption spectra of two samples of Cu NPs of different 
sizes before and after washing with IPA. The distinct surface plasmon peak was found 
to diminish significantly, and the peak maximum shifted by ~3-10 nm in these 
examples.  
 
Figure 3.14. Absorption spectra of Cu NPs (2 different sizes) before and after three 
cycles of washing with IPA. 
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Further analysis with TEM (Figures 3.15 and 3.16) demonstrates the presence of 
amorphous layers on the surface of the NPs after washing. Interestingly, thicker 
amorphous layer of between 3-5 nm was found for particles with diameter of 
approximately 40 nm (corresponding to plasmon absorption at 574 nm in Figure 3.14). 
However, for particles with larger diameter of approximately 80 nm (corresponding to 
plasmon absorption at 586 nm in Figure 3.15), the amorphous layer was found to be 
between 2-3 nm. We postulate that such observation is due to the higher surface 
energy of the smaller Cu NPs, resulting in a more active surface which in turn, 
underwent a greater extend of oxidation compared to larger Cu NPs. 
 
Figure 3.15. TEM images of Cu NPs after 3 cycles of washing with IPA (correspond 






Figure 3.16. TEM images of Cu NPs after 3 cycles of washing with IPA (correspond 
to plasmon absorption at 586 nm in Figure 3.14). 
 
3.2 Correlation of Surface Plasmon Resonance with Cu Particle Size 
Following the procedure developed in Section 3.1.2, we prepared Cu NPs of different 
sizes by injecting varying amount of cuprous oxide NPs into the reaction pot. Clear 
Cu plasmon absorption peak was detected in each case (Figure 3.17), showing red 
shifted resonance ranging from 570 nm to 592 nm with increasing Cu2O feed volume.  
 
Figure 3.17. Absorption spectra of Cu NPs synthesized with increasing amount of 
cuprous oxide NPs feed volume. 
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TEM analysis (Figure 3.18) confirmed the formation of uniform copper NPs with 




Figure 3.18. TEM images of copper NPs synthesized with varying Cu2O feed volume: 













Table 3.2. A summary of plasmon peak position and average particle sizes for Cu NPs 
prepared with varying amount of Cu2O feed volume. 
Vo1. of dispersed 
Cu2O added (ml) 
Plasmon peak 
position (nm) 
Average particle size 
obtained from TEM (nm) 
0.25 570 46 ± 9 
1.00 574 54 ± 7 
1.50 584 66 ± 9 
2.00 592 90 ± 13 
 
A correlation plot of plasmon absorption peak position versus particle size is given in 
Figure 3.19. For comparison, we include also other reported values from their 
corresponding references tabulated in Table 3.1. It can be seen that our experimental 
values showed a good linear correlation (within the experimental error bars) between 
the Cu particle size and its corresponding plasmon peak. On the other hand, while the 
literature studies mainly cluster around particle sizes below 30 nm, the reported 
plasmon peaks could range from 570 to 610 nm. We believe some of these may be 
attributed to the presence of oxidized surface of the prepared particles. In the next 
Chapter, we also illustrate that these surface plasmon positions are highly sensitive 





Figure 3.19. A correlation plot of average Cu particle size against Cu plasmon peak 




In summary, we have successfully synthesized copper NPs with varying sizes 
showing distinct surface plasmon resonance and obtained a good correlation between 
plasmon position against particle size in accordance to Mie Theory. However, surface 
oxidation was found to occur fast upon isolation of the NPs, hence further utilization 
of these synthesized particles was restricted. In order to study the application and 
extend the usability of the copper particles, further modification of the synthesis was 
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Chapter 4 Metallic Cu Nanoparticles on Zinc Oxide Host 
A recent study has compared samples of physically mixed Cu NPs and ZnO 
consisting of plate-like ZnO with those consisting of rod-like ZnO.[1]  It was found 
that catalysts with plate-like ZnO exhibited higher selectivity towards methanol from 
CO2 hydrogenation than those with ZnO rods. This was attributed to the preferred 
exposure of the (002) polar facet in plate-like ZnO, which is expected to have stronger 
electronic interactions with Cu compared to other crystal facets. Hence one would 
expect to obtain better catalytic performance if the two components are coupled with 
strong electronic interaction at the interface. 
In this Chapter, we developed a new method to deposit controllable amounts of Cu 
NPs with tunable sizes onto ZnO of different morphology and sizes. We aim for a 
proper synthetic design in which the reduction and deposition of copper NPs could 
occur directly on the host. This would thus avoid the use of capping agent, while the 
deposited NPs are discretely isolated from each other and do not sinter at harsh 
catalysis conditions. We observed clear and distinct copper plasmon absorption from 
our samples, and a clear correlation between the plasmon position with the variation 
of particle size. 
In order to demonstrate the robustness of the coupled composite prepared, catalysis of 
ethanol steam reforming which typically operates at temperatures higher than 500 oC 
was tested. As shown in Section 4.4.3 later, our copper NPs were found to exhibit 
good electronic interactions with the support and do not sinter after catalysis in such 




4.1      Synthesis and Characterization of ZnO Hosts with Different Morphologies  
In order to prepare nanocomposites with well controlled host morphology, we 
designed the synthesis in two steps. Thus, in this Section, we will first present the 
synthesis and characterization of ZnO nanorods (NRs) and nanospheres (NSs). This is 
then followed in Section 4.2 by a discussion on the deposition of copper NPs evenly 
and uniformly onto these pre-synthesized ZnO hosts. 
 
4.1.1    Zinc Oxide Nanorods (NRs) 
ZnO NRs was prepared using a method adopted from the literature[2] with oleylamine 
(OLA) as both the capping and reducing agent. Typically, 3 mmol of zinc acetate was 
added to 1.3 mL (~ 4 mmol) of OLA in a three-neck flask. The mixture was 
subsequently degassed at 80 °C for 45 minutes. Under N2 purging, temperature of the 
mixture was increased to 240 °C. During the heating process, the colorless solution 
turned white upon reaching approximately 180 °C. After 15 minutes of reaction at 
240 °C, the mixture was cooled to room temperature and ethanol was added to the 
reaction products. The resultant solution was centrifuged; the white precipitate was 
isolated and washed with ethanol 2 times to ensure complete removal of the reactants 
or byproducts.  
Using OLA to Zn(OAc)2·H2O feed ratio close to 1 : 1, typical TEM image in Figure 
4.1 confirms the formation of ZnO NRs with diameter ranging from 20 to 40 nm. The 
XRD diffractogram (Figure 4.2) correlates well with reference zinc oxide (JCPDS 36-




Figure 4.1. Typical TEM image of ZnO NRs synthesized with oleylamine. 
 
 
Figure 4.2. XRD pattern of ZnO NRs synthesized with oleylamine. Standard pattern 
of hexagonal zinc oxide (JCPDS 36-1451) is shown below. 
 
The absorption spectrum (Figure 4.3) of the synthesized ZnO NRs re-dispersed in 
ethanol showed a sharp peak at approximately 369 nm that could be attributed to the 
excitonic absorption of ZnO. The spectrum was similar to ZnO nanocrystals reported 




Figure 4.3. Absorption spectrum of ZnO NRs dispersed in ethanol. 
 
4.1.2    Zinc Oxide Nanospheres (NSs) 
The preparation of ZnO NSs was adopted from a literature method[2] First, 
Zn(OAc)2•2H2O was dissolved in diethylene glycol (DEG) to form a precursor 
solution of concentration 0.1 mol L-1. About 8 mL of this precursor solution was then 
purged under nitrogen at 70°C for 30 minutes and then heated to 170–180°C. 
Precipitation of ZnO began to occur ~ 160 °C but aging at 170 -180 °C for 15 minutes 
was allowed. The resultant mixture was centrifuged, the supernatant was discarded 
and precipitate was washed with ethanol to remove any reactants and byproducts.  
The above supernatant that contains small ZnO nanocrystallites could be used as seed 
crystals in subsequent synthesis. Thus, in another pot, 8 mL of 0.1 mol L-1 
Zn(OAc)2·2H2O in DEG precursor solution was heated to 150 °C and 0.2 ml of the 
supernatant obtained in the first step was added. Subsequently, the reaction mixture 
was heated to 170 °C for 15 minutes of aging. Precipitation occurs at slightly lower 
Chapter 4 
62 
temperature (~150°C) compare to the reaction started without seed crystallites. This 
method produced ZnO spheres with controllable and more uniform size distribution. 
TEM analysis as shown in Figure 4.4 confirms the successful synthesis of ZnO 
spheres with average size of 120±11 nm. Closer inspection with high resolution TEM 
analysis (Figure 4.5), on the other hand, revealed that the ZnO spheres observed were 
composed of smaller NPs clustering together, and the size of the NPs appeared to be 
slightly less than 10 nm.  
 
Figure 4.4. Typical TEM images of ZnO NSs synthesized from seed crystallites 






Figure 4.5. Typical HRTEM image showing the clustering of small nanoparticles to 
form the ZnO sphere. 
 
Figure 4.6 shows the XRD pattern of the ZnO sphere sample. While the patterns 
correlated well with standard hexagonal ZnO (JCPDS 36-1451) structure, it was 
observed that the peak widths broaden as compared to those of the NRs presented in 
Figure 4.2. For example, the (002) and (101) peaks were not resolvable in this case. 
The average crystallite size of ZnO could be estimated from the full width at half 
maximum (FWHM) of (100) peak using the Scherrer Equation and was found to be 
8.4 nm. 
 




Figure 4.7. Absorption spectrum of ZnO spheres synthesized from seed crystallites 
added at 145°C. 
 
The relatively smaller size of ZnO NSs can also be confirmed from its absorption 
spectrum as shown in Figure 4.7. Thus, it was found that the ZnO excitonic peak 
position blue-shifted by about 14 nm as compared to that in Figure 4.3. This indicated 




4.2 Deposition of Copper Nanoparticles onto the ZnO Hosts 
Following our study in Chapter 3, EG was first evaluated for the reduction and 
deposition of copper NPs onto the ZnO hosts. Conventional polymeric capping agent 
such as PVP was deliberately left out in this synthesis, as the formation of a protecting 
layer may create a barrier for catalysis applications. In addition, we expect the 
unprotected monomers to possess high surface energy, such that nucleation and 
deposition onto the host will be favored. From our preliminary investigation, it was 
found that EG was able to reduce copper(II) to its metallic state at temperatures above 
160˚C. However, large clusters of Cu were formed indicating the poor capping ability 
of the system. Earlier studies have reported the poor capping capability of glycol 
solvent and the intrinsic tendency of Cu towards coagulation.[4] 
Next, we attempted to use longer chain glycols such as triethylene glycol (TEG) or 
DEG as the dispersing medium. The pre-synthesized ZnO NRs was dispersed in DEG 
and mixed with copper acetate monohydrate and EG. The mixture was heated up to 
190 °C temperature in one pot, with EG added to initiate the reduction. Distinct 
copper plasmon peak was detected in this reaction (Figure 4.8a), confirming the 
formation of metallic Cu particles. TEM analysis (Figure 4.8b), however, suggests 





Figure 4.8. (a) Absorption spectrum and (b) TEM image of Cu/ZnO composite 
synthesized from ZnO-DEG dispersion and Cu precursor-EG mixture heated directly 
in one pot. 
 
Hence, it seems that the Cu monomers have a high tendency to nucleate and 
crystallize on its own. In order to drive the reaction towards deposition of discrete 
particles, we need to create a “starved” monomer environment. We subsequently 
developed a procedure whereby the Cu precursor is added into the reaction mixture in 
a dropwise manner. Also, the addition was carried out at an elevated temperature of 
190°C to favor fast reduction process. Details and a typical synthesis procedure are 
given in the following paragraph.                                                                                                            
ZnO NRs as prepared according to Section 4.1 were redispersed in 20 mL DEG (or 20 
mL TEG) by sonication for ~2 hours followed by stirring at room conditions 
overnight. Next, 2 mL of EG was added to the ZnO dispersion in a 50 mL three-
necked flask and the mixture was degassed at room temperature for 5 minutes before 
heating to 190˚C. In a separate pot, 0.1g copper acetate monohydrate was dissolved in 
EG with sonication. The mixture was then added into the ZnO mixture in a dropwise 




allowed before the nanocomposite was isolated from the mixture and washed with 
propanol.  
 
Figure 4.9. (a) Typical TEM image of coupled Cu NPs/ZnO NRs nanocomposites.         
(b) HRTEM image showing one copper particle coupled onto ZnO NRs, presenting 
clearly their respective lattice planes. 
 
Figure 4.9 shows a typical TEM image with distinct Cu NPs randomly deposited over 
the ZnO NRs surface. This was in contrast to composites produced using traditional 
techniques such as co-precipitation, where large and clusters of Cu particles are 
randomly embedded in the matrix. We believe that distinct Cu NPs were deposited 
with good dispersity in our case mainly due to the controlled (dropwise addition) and 
fast heterogeneous nucleation on the ZnO NRs surface. Coupling between the two 
components was investigated by HRTEM image shown in the insert of Figure 4.9. An 
interplanar distance of 0.217 nm was determined from the spherical particle, which 
corresponds to the [111] lattice of metallic Cu. The rod-like region has an interplanar 
distance of 0.281 nm that matched well to the [100] lattice planes of ZnO. These 





Figure 4.10. Absorption spectrum of Cu NPs/ZnO NRs nanocomposites synthesized 
using dropwise addition. 
 
Cu plasmon absorption profile of the sample (Figure 4.10) was also found to be more 
distinct and sharper compared to a previous sample prepared by direct heating in one 
pot. The plasmon peak position blue shifted to 580 nm, indicating the formation of 
smaller particles with narrower size distribution. XRD patterns (Figure 4.11) 
correlated well with the reference hexagonal ZnO (JCPDS 36-1451) and metallic 
cubic Cu structure (JCPDS 04-0836).  
 




Similar procedure was applied to deposit Cu NPs onto the as-prepared ZnO NSs 
(Section 4.1.2). As shown in Figure 4.12, the deposition procedure has been 
applied successfully with some distinct particles surrounding the ZnO NSs.  
Distinct copper plasmon peak was observed from the absorption analysis in Figure 
4.13. 
 










4.3      Copper Deposition Parameters and Mechanism 
Further studies were performed to optimize the deposition of Cu NPs. In this Section, 
we attempt to understand the deposition mechanism and investigate the reaction 
parameters that will affect the deposition density and sizes of the Cu NPs. ZnO NRs 
were chosen for its ease of preparation and reproducibility. 
 
4.3.1    Effect of ZnO Concentration and Feed 
It was hypothesized that ZnO concentration may affect the availability of Cu 
nucleation sites. Hence, following the procedure detailed in Section 4.2, the ZnO 
concentration was varied by dispersing a fixed amount of ZnO NRs in varying 
volumes of TEG (5x10-5 mol ZnO/mL; 3x10-5 mol ZnO/mL). With the same Cu 
precursor feed amount, Figure 4.14 illustrates no shift in copper plasmon peak, 
suggesting that the NPs size was not affected. 
 
Figure 4.14. Absorption spectra of Cu NPs/ZnO NRs nanocomposites prepared with 
different ZnO concentration. 
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TEM images (Figure 4.15) showed that the copper particles were nearly spherical in 
the two concentrations of ZnO NRs. Size distribution analysis (Figure 4.16) for both 
samples confirms similar average copper size of 32 ± 8 nm.  
 
Figure 4.15. TEM images of Cu/ZnO nanocomposites prepared with different ZnO 
concentration: a) 5x10-5 mol ZnO/mL, b) 3x10-5 mol ZnO/mL respectively. 
 
 





In another set of experiments, the amount of ZnO was varied by keeping the TEG 
volume constant at 5 mL. As indicated from the absorption spectrum in Figure 4.17, a 
broadening of the Cu plasmon peak was observed with reducing ZnO feed ratio.  
 
Figure 4.17. Absorption spectra of Cu/ZnO nanocomposites prepared with varying 
ZnO:Cu feed ratio. 
 
4.3.2    Effect of Aging Time 
Effect of aging time on the Cu deposition was also determined. In this case, the same 
experiment as given in Section 4.2 was conducted, with aliquots withdrawn at various 
aging time intervals from 10 to 120 min measured right after the dropwise addition of 




Figure 4.18. Absorption spectra of Cu/ZnO nanocomposites prepared with varying 
aging time measured right after the Cu precursor addition. 
 
From the absorption spectrum (Figure 4.18), we observed that the prolong aging did 
not have significant effect on the Cu particle sizes, as seen from the unshifted Cu 
plasmon position. Nevertheless, broadening of the plasmon peak was observed, 
suggesting wider size distribution commonly seen in heterogeneous crystallization. 
 
4.3.3    Effect of Cu Precursor Feed Volume 
Finally, we found out that the Cu particle sizes can be most readily controlled by 
varying the Cu precursor feed volume. Keeping the Zn-to-Cu ratio constant by 
adjusting the relative amount of ZnO accordingly, we varied the Cu precursor feed 
volume in this set of experiments. Figure 4.19 presents the TEM analysis for samples 
prepared with average sizes of 31±8 to 58±14 nm, for Cu feed volume ranging from 1 




Figure 4.19. Typical TEM images with the respective size distribution histograms for 
Cu NPs/ZnO NRs composites prepared. Experimental feed volume of Cu precursor 
from left to right: 1 mL, 2 mL and 4 mL. 
 







4.3.4    Proposed Deposition Mechanism  
As mentioned earlier, we have deliberately chosen a solvent system that does not 
provide good capping to Cu NPs, hence driving the high surface energy Cu monomers 
onto the support. We proposed a deposition mechanism as shown in Scheme 1. When 
drops of precursor solution are added to the ZnO NRs dispersed system, nucleation 
and reduction of Cu (step 2) occurs, forming unstable Cu0 monomers that attach 
themselves to nearby ZnO NRs (step 3). It is important to note that a slow 
introduction of precursor (i.e. dropwise) was critical in this step to form discrete Cu 
particles, as this will prevent the Cu0 monomers to self-nucleate. As more and more 
Cu0 monomers are deposited on the ZnO NRs, addition of Cu does not induce further 
nucleation. Instead, the Cu precursors are directly reduced on the deposited Cu 
particles, promoting the growth of Cu NPs. This allows us to control the size of 
deposited Cu NPs through varying the precursor feed amount. 
 




4.4      Plasmon Absorption Properties of Copper Nanoparticles  
4.4.1   Correlation between Plasmon Position and Particle Size  
For samples shown in Figure 4.19, we observed a distinct shift in their Cu plasmon 
peak position from the absorption spectra in Figure 4.20. While the absorption peak of 
ZnO NRs remains the same at 370 nm, it was clearly seen that the Cu plasmon peak 
red-shifted from 580 nm to 593 nm as Cu precursor feed volume increases from 1 to 4 
mL. 
 
Figure 4.20. Absorption spectra of Cu NPs/ZnO NRs composites prepared from TEG. 
Cu plasmon maxima at 580, 586 and 593 nm correspond to 1 mL, 2 mL and 4 mL Cu 
feed volume respectively, keeping Zn-to-Cu feed ratio constant at 4:1 (mol/mol). 




On the basis of Mie theory (Section 1.1), surface plasmon resonance in metallic NPs 
involves dipolar oscillations of the free electrons in the metallic conduction band near the 
Fermi level. This phenomenon has predicted a linear dependency of plasmon peak 
position on the average particle size, subject to internal scattering limits. As mentioned in 
Chapter 3, while this linear dependency has been widely tested for other noble metals 
such as Ag and Au NPs,[5, 6] it has not been well-studied for Cu NPs. This is probably due 
to difficulties in getting good Cu plasmon absorption as well as the isolation of these NPs 
for TEM size analysis.[5, 7] With the series of nanocomposite with Cu NPs of varying 
sizes, we manage to plot linear correlation for metallic Cu NPs with plasmon peak 
position as shown in Figure 4.21.  
 
Figure 4.21. Plots of average Cu particle size against Cu plasmon maximum for the 





4.4.2    Stability of Cu Nanoparticles 
Metallic Cu NPs often suffer from surface oxidation even in the presence of polymeric 
protecting agent such as PVP.[8] Since any slight surface oxidation is detrimental to 
surface plasmon properties, distinct surface plasmon peak is rarely demonstrated for Cu 
NPs in the literature. Surface oxidation will result in Cu NPs losing its distinct absorption 
characteristics in the region below 600 nm. In addition, as demonstrated by Yin, [9] broad 
feature appears above 600nm and is attributed to the band gap transition of the surface 
CuO layer.[9, 10] 
Notably, our Cu NPs deposited on ZnO NRs exhibit distinct and tunable plasmon 
resonance peak in the region below 600 nm. In Figure 4.22, the stability of these Cu NPs 
towards oxidation was demonstrated even after washing several times in isopropanol 
(IPA). Samples kept in closed or open system for prolong periods of time exhibit no sign 
of surface cupric oxide absorption (Figs c-f), although slight shift (~10 nm) in the 





Figure 4.22. Absorption spectra of coupled Cu NPs/ZnO NRs nanocompsites: (a) fresh 
sample withdrawn directly from reaction pot, (b) after 2 times of washing, (c) in closed 
system after 24 hours, (d) in closed system after 96 hours, (e) in open system after 24 
hours, (f) in open system after 96 hours. 
 
In order to demonstrate that such stability was only obtained with the prepared Cu 
NPs/ZnO composites, we monitored also a physical mixture of pre-synthesized Cu NPs 
and ZnO NRs. It was found that the Cu plasmon peak red-shifts significantly in this case, 
even after just 2 times of washing with IPA (Figure 4.23). The plasmonic profile was lost 
after 24 hours of standing, shifting to 614 nm and indicating conversion to cupric oxide 




Figure 4.23. Absorption spectra of Cu NPs and ZnO NRs physically mixed together: (a) 
fresh Cu NPs sample withdrawn directly from reaction pot, (b) after 2 times of washing, 
(c) in closed system after 24 hours. 
 
4.4.3.  Electronic Coupling between ZnO Nanorods and Cu Nanoparticles 
We believe the stability exhibited by our samples was a result of strong coupling between 
Cu and ZnO. Further analysis using samples of varying Zn-to-Cu ratios reconfirms this 
postulation (Figure 4.24). Thus, with increasing Cu feed volume, we found that the 
intensity of excitonic ZnO peak at 370 nm decreases linearly, although the ZnO content 
in each sample was kept constant. On the other hand, physically mixed samples of ZnO 




Figure 4.24. Absorption spectra of (a) Cu NPs/ZnO NRs composite synthesized in DEG 
at various Zn to Cu feed ratios. (b) Cu NPs and ZnO NRs physical mixture with 
increasing amount of Cu added. 
 
Quantitative analysis of the absorption peak areas yielded a plot of ZnO peak area versus 
Cu feed amount as shown in Figure 4.25. The near-linear attenuation of ZnO peak in the 
coupled samples clearly demonstrated interactions between the two components. 
Interestingly, Fermi-level equilibration that was reported for metal-semiconductor 
coupled materials in earlier studies[1, 11] was not observed. Instead, a correlated 
attenuation of ZnO excitonic peak with increasing Cu content exhibited in Figures 4.24 
and 4.25 suggested a Moss-Burstein effect,[7] whereby the semiconductor conduction 
band is filled with additional electrons from the metal, hence transition of electrons from 




Figure 4.25. Plots of ZnO exitonic peak area versus Cu feed amount for ( ) Cu NPs/ZnO 
NRs composites, and ( ) Cu NPs physically mixed with ZnO NRs. 
 
Another plausible explanation for the observation is Stark effect,[12] whereby additional 
charge carriers on the particle surface result in an inhomogeneous charge distribution and 
thus establishes an electric field that modulates the excitonic levels. Such attenuation of 
absorption was previously proposed for excess electron accumulation on coupled 
semiconductor materials.[11] Either explanation provides insight that the Cu metallic 
component can alter the electronic properties of the composite, hence is able to bring 
about synergistic properties that cannot be obtain from simply mixing the two 
components together. We suspect that the oxidation kinetics may also be altered with the 
change in the excitonic levels of Cu particles, thus bringing about the good stability of Cu 
as observed in the previous section. 
In addition, we want to point out also yet another interesting observation from the two 
correlation plots in Figure 4.21. In these linear plots, composites synthesized using TEG 
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were found to consistently exhibit plasmon maximum red-shifted relative to those 
synthesized using DEG, for each set of Cu NPs of the same average size. It is well known 
that plasmon resonance can be affected significantly by the environment, in particular the 
dielectric constant of the surrounding medium. The frequency of Mie resonance is 
expected to be inversely proportional to the dielectric constant of the medium according 
to Equation 4.1:[13] 
ωs ≈ [N/ε0meff]½ · [2εm + 1 +χ1inter]– ½     (Equation 4.1) 
where ωs = spectral Mie resonance frequency, N = number of “conduction” electrons in 
the cluster, εm = dielectric constant of the medium, χinter = susceptibility contribution by 
interband transition in the metal.  
The observed relative red-shift in TEG system, however, cannot be accounted for by 
dielectric constant since TEG is known to have a lower εm compared to DEG,[14] and thus 
a blue-shift is predicted instead from their dielectric constants.  
To explain this observation, we postulate that the number of conduction electrons 
(parameter N in Equation 4.1) is affected by the extent of electron transfer between the 
Cu NPs and the ZnO NRs; this in turn is affected by the different capping ability of TEG 
and DEG. Comparatively having a more branched structure, TEG is expected to cap less 
efficiently onto the surfaces of Cu NPs and ZnO NRs. Thus, better electron transfer could 
occur between the TEG-capped particles, resulting in lower number of conduction 
electrons and hence a red shift in the plasmon peak position according to Equation 4.1. 
Further theoretical work will be needed to test this postulation, however.  
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4.5      Ethanol Steam Reforming Catalytic Studies 
We attempted to test the robustness of our synthesized composite catalysts in ethanol 
steam reforming as this reaction typically requires high temperatures. Catalytic activity 
measurement was carried out in a quartz microreactor equipped with an on-line GC 
(Varian CP-3800) for product analysis. Liquid mixture of EtOH:H2O=1:3 (v:v) was 
fed into a vaporizer (443 K) at 0.005 ml/min with Ar (40 ml/min) as carrier gas, the 
GHSV was 34000 h-1.  Prior to the reaction, samples were reduced in pure H2 with a 
flow of 50 ml/min at 300 oC for 0.5h. 
As shown in Figure 4.26(a), high ethanol conversion was attained at temperature above 
450°C and remains at 600°C. Hydrogen yield of 3.2 mol was obtained at 450 °C and this 
further increased to 4.4 mol at catalytic temperature of 600 °C. This yield was 
significantly higher compare to catalysis studies using Cu/ZnO composite prepared using 
conventional precipitation method.[15] Figure 4.26(b) showed that very efficient hydrogen 





Figure 4.26. (a) Ethanol conversion at varying temperature on Cu NPs/ZnO NRs 
catalyst. (b) Selectivity of various products from ethanol steam reforming reaction. 
 
One interesting observation noted from Figure 4.26(b) was the relatively high percentage 
of acetone formed. This species is usually not observed using catalysts prepared with 
conventional precipitation method. According to the mechanism proposed by Elliott and 
Pennella[16], the formation of acetone is a multi-step process, which we believe are 
enhanced in the present system with these nano-sized composites.  
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Further recycling test was conducted to study the stability of these Cu/ZnO 
nanocomposite catalysts prepared. As shown in Figure 4.27, a sample with mean Cu 
particles size of 47 ± 8 nm was tested under isothermal conditions at 450°C over a period 
of 58 hours. High ethanol conversion (~90%) was observed throughout the entire test 
period and hydrogen yield remained consistent within 2 to 3 moles of formation.  
 
Figure 4.27. Ethanol conversion and hydrogen yield of Cu/ZnO composite catalysts with 
mean Cu size of 47 ± 8 nm at 450°C for 58 hr. 
 
Selectivity of the components produced over the 58 hours period was presented in Figure 
4.28. Again, undesirable products such as carbon monoxide was not detected, while the 
selectivity towards hydrogen and carbon dioxide remained consistent. Interestingly, the 
selectivity of acetaldehyde and acetone are in a reversed trend, with a drop in the 
production for acetaldehyde but an increase in the formation of acetone with increasing 
cycling hours. Such a behavior may be resulted from a change in the catalyst or its 
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surface. XRD analysis, however, demonstrates no change in the crystal structure after the 
catalysis process (Figure 4.29). 
 
Figure 4.28. Selectivity of various products from ethanol steam reforming over 58 hours. 
 
Robustness of the catalyst was also evident from TEM analysis in Figure 4.29 where the 
spent catalysts were analyzed. Although ZnO NRs suffers slight deformation, there was 




Figure 4.29. Typical TEM images of the spent catalyst after reaction at 600 °C. 
 
XRD analysis (Figure 4.30) also confirms that the crystals of Cu NPs and ZnO NRs 
remained unchanged after the catalysis reaction. The estimated Cu NPs size before and 
after catalysis reaction was 30.4 nm and 32.5 nm respectively from Debye- Scherrer 
equation. Such a slight improvement in crystallinity is not unexpected from the high 
temperature heating process; nevertheless, it is confirmed that sintering did not occur 





Figure 4.30. XRD patterns of Cu NPs/ZnO NRs composite before and after catalytic 
reaction. (Refer to Figure 4.11 for assignments) 
 
4.6     Summary 
In summary, we have demonstrated the successful coupling of discrete Cu NPs of tunable 
sizes onto ZnO NRs and utilized the coupled system to effectively catalyze the ethanol 
steam reforming reaction. Interesting observations such as the shifts in plasmon 
resonance as well as relative attenuation of ZnO absorption were detected. We 
investigated the electronic interaction between the coupled metal and semiconductor 
material, and propose that this is important for applications in catalytic conversions such 
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Chapter 5 Photocatalytic Properties of Cadmium Sulfide/Zinc 
Oxide Nanocomposite 
There is a lack of versatile techniques in the literature to deposit sensitizer onto a wide 
band-gap semiconductor host, and the applications in light harvesting1,2 using this 
form of composite catalyst have been rare. This propelled our investigation in this 
Chapter to develop a simple chemical method to deposit common sensitizers such as 
cadmium sulfide or other metal sulfides onto an oxide host. 
The deposition of cadmium sulfide using cadmium thiobenzoate (CdTB) precursor 
has been reported in our laboratory.3,4 Metal thiobenzoate was chosen due to its 
simplicity in preparation and ability to provide cadmium and sulfur source 
simultaneously. A dual glycol was chosen as the solvent system, which has been 
shown in Chapter 4 to provide both reduction and deposition capability. Following the 
successful deposition of cadmium sulfide nanoparticles (NPs), further investigation 
was made to attain better control over the particle size and loading of the sensitizer.  
 
5.1 Formation of Cadmium Sulfide Nanoparticles from Cadmium 
Thiobenzoate in Glycol Solvent System 
The CdTB precursor was synthesized following a literature method5 as detailed in 
Section 2.5. Cadmium sulfide was successfully formed through the degradation of 
100 mg of this precursor in 5 mL of ethylene glycol (EG) when the mixture was 
heated above 130 °C. The formation of a distinct orange product was observed. 
Samples were isolated and washed with isopropanol (IPA) before drying. XRD 




ascribed to (111), (200), (220) and (331) crystal planes of cadmium sulfide with cubic 
phase (JCPDS no. 80-0019).  
 
Figure 5.1. XRD pattern of CdS obtained from the decomposition of CdTB in 
ethylene glycol. 
 
Clusters of cadmium sulfide particles were found from TEM analysis as shown in 
Figure 5.2 As it is difficult to determine the particle size from the image, the average 






where K = Scherrer constant = 0.94 
FWHM = full width at half maximum of the reflection peak  
λ = wavelength of x-rays = 0.154 nm, and 
θ = diffraction angle of x-rays 





Figure 5.2. Typical TEM image of CdS NPs obtained from the decomposition of 
CdTB in ethylene glycol. 
 
Broad absorption peak (Figure 5.3) centered at approximately 498 nm was detected 
from the sample solution in IPA, this absorption wavelength is slightly blue-shifted 
compared to the reported bandgap of bulk CdS (516 nm). However, the profile of the 
absorption peak with high background intensity suggests that the EG reaction system 
employed resulted in the formation of unstable cadmium sulfide particles, resulting in 





Figure 5.3. Absorption spectrum of CdS NPs obtained from the decomposition of 
CdTB in ethylene glycol. 
 
The inability of the EG system to give discrete CdS NPs is not surprising. As a further 
control experiment, we added a more suitable capping agent, octylamine, during the 
synthesis. TEM analysis (Figure 5.4) and the absorption spectrum (Figure 5.5) 






Figure 5.4. TEM image of CdS NPs obtained from CdTB using ethylene glycol and 
octylamine. 
 
The absorption peak in Figure 5.5 blue shifted further to 436 nm, indicating smaller 
and more monodispersed CdS NPs can be obtained. XRD analysis (Figure 5.6) 
confirms the same cubic phase CdS crystals (JCPDS no. 80-0019), but the average 
particle size estimated from Scherrer equation is now 4.2 nm. 
 
Figure 5.5. Absorption spectrum of CdS NPs obtained from CdTB using ethylene 





Figure 5.6. XRD pattern of CdS NPs obtained from CdTB using ethylene glycol and 
octylamine. 
 
5.2 Deposition of Cadmium Sulfide Nanoparticles on ZnO Nanorods 
In order to deposit CdS NPs onto the ZnO host, ZnO nanorods (NRs) prepared 
according to Section 2.3 was redispersed in ethanol and washed multiple times using 
prolonged sonication. This step removed most of the capping reagent and the 
dispersion was stirred at room conditions overnight. Ethanol was subsequently 
removed using centrifugation, and the precipitate was redispersed in 20 ml TEG to 
give a stock solution of ZnO-TEG. Next, 3 mL of the ZnO-TEG, 3 ml of TEG and 3 
mL of EG was added to a three-necked flask and the mixture was degassed at room 
temperature for 5 minutes before heating to 150˚C. In a separate pot, a known and 
varying concentration of CdTB in EG was prepared with sonication. The mixture was 




syringe pump. A further 15 minutes of aging at 150 oC was allowed before the 
nanocomposite (NCs) was isolated from the mixture and washed with propanol.  
As shown in Figure 5.7, TEM image reveals that the surface of ZnO rods are 
deposited with cluster of CdS NPs with average cluster sizes of 33.4 ± 4.7 nm. 
 
Figure 5.7. TEM image of CdS/ZnO NCs prepared with CdTB with preformed ZnO 
NRs. 
 
Absorption spectrum of the coupled CdS/ZnO NCs was compared with that of the 
pure ZnO NRs in Figure 5.8. Higher absorption intensity was detected across the 





Figure 5.8. Absorption spectrum of pure ZnO NRs and CdS/ZnO NCs. 
 
XRD pattern of the synthesized CdS/ZnO (Figure 5.9) was found to correlate well 
with hexagonal ZnO structure (JCPDS 36-1451) and hexagonal CdS wurtzite 
structure (JCPDS 41-1049). It is interesting to note the change in CdS crystal phase 
from cubic structure (Figures 5.1 and 5.6) to hexagonal in the presence of ZnO host.  
The CdS crystallite size of estimated using Debye-Scherrer equation is 12.7 nm. 
 
Figure 5.9. XRD pattern of CdS/ZnO NCs. Reference patterns of ZnO (JCPDS 36-




In another synthesis attempt, the ZnO NRs was not subjected to prolong sonication in 
ethanol before the CdS deposition process. TEM analysis (Figure 5.10) revealed that 
discrete CdS NPs with sizes ranging between 3 to 5 nm could be deposited on the 
ZnO surface. Coupling between the two components was investigated by HRTEM 
image shown in Figure 5.11 An interplanar distance of 0.364 nm was determined 
from the deposited particle, which corresponds to the [111] lattice of wurzite CdS. 
The rod-like region has an interplanar distance of 0.281 nm that matched well to the 
[100] lattice planes of ZnO.  
 







Figure 5.11. HRTEM of CdS/ZnO NCs showing the deposition of discrete CdS NPs. 
 
Absorption spectrum of the coupled CdS/ZnO NCs was compared with that of pure 
ZnO NRs in Figure 5.12. Higher background absorption was observed across the 
visible spectrum, this may be due to the increased scattering effect of the NCs. In 
addition, peak broadening of ZnO peak, indicates that the deposited CdS NPs may 





Figure 5.12. Absorption spectrum of pure ZnO and CdS/ZnO NCs with discrete CdS 
NPs deposited. 
In the XRD analysis, peaks corresponding to reference ZnO were detected; however, 
the diffraction of CdS was too weak to be differentiated individually. This observation 
indicated very small sizes of CdS as well as small amount of NPs deposited. TEM 
analysis was used for size estimation in subsequent discussions. 
 
Figure 5.13. XRD pattern of CdS/ZnO NCs with the deposition of discrete CdS NPs. 




5.3 Optimization of the Deposition Density of CdS NPs on ZnO Nanorods 
With the initial success in the deposition of CdS NPs on ZnO NRs, further 
investigation was made to optimize the density of CdS NPs formed. The amount of 
CdTB precursor injected into the ZnO reaction pot was first investigated, by keeping 
the precursor concentration constant at 5 mg/ml in EG but varying the volume of 
precursor added to a fixed amount of ZnO. Figure 5.14 shows the TEM images of 














It can be visually determined from TEM images that increasing the amount of 
precursor increases the density of NPs deposited onto the host. The average particle 
sizes, on the other hand, remained almost constant between 3.4 to 3.9 nm as shown in 
Table 5.1.  
Table 5.1. The average sizes of CdS deposited on samples prepared with varying 
amount of CdTB added. 
Sample Batch Vol of CdTB added (ml) CdS Particle Size (nm) 
1 0.25 3.7 ±0.7 
2 0.50 3.6 ±0.7 
3 0.75 3.4 ±0.8 
4 1.00 3.8 ±0.5 
5 1.50 3.4 ±0.6 
6 3.00 3.9 ±0.5 
 
The absorption spectra of the series of CdS/ZnO NCs prepared are shown in Figure 
5.15. The distinct peak at approximately 370 nm corresponds to pure ZnO NRs. no 
significant increase in visible region absorption was found. Instead, absorption 
intensity was found to increase in the UV region of below 370nm. This observation 
was found to correspond to reported theoretical calculation6 using tight binding 
theories or effective-mass approximation where CdS NPs with diameter below 4 nm 





Figure 5.15. Absorption spectra of the series of CdS/ZnO NCs prepared with varying 
amount of CdTB added. 
 
From this series of studies, we postulated the deposition mechanism of the CdS NPs 
as shown in Figure 5.16. When monomer enters the reaction solution at elevated 
temperature, reduction and nucleation occurs in the reaction solution, and the CdS 
NPs formed possess high surface energy without presence of strong stabilizing agent. 
Hence the unstable nanoparticle attaches itself onto the ZnO rods. Further addition of 
CdTB still favours reduction and self-nucleation in the reaction medium, hence 
further growth of the deposited CdS was not observed, and when the ZnO surface was 
fully covered, subsequent addition result in further deposition on the CdS particles, 





Figure 5.164. Schematic of proposed CdS deposition mechanism on ZnO rods. 
 
 
5.4 Optimization of the Particle Size of CdS Deposited on ZnO Nanorods 
With the intention of using the deposited CdS NPs as a visible light sensitizer in the 
composite catalyst, it is critical for the deposited NPs to possess sizes with absorption 
in the visible region. Hence, we further optimize the reaction conditions in this 
Section.  
The concentration of CdTB precursor was first varied by keeping the amount of 
CdTB constant while changing the volume of EG used. Concentration of CdTB 
ranging from 10 mg/ml to 40 mg/ml was achieved by dispersing 10 mg of CdTB into 
0.25, 0.5, 0.75 and 1 mL of EG respectively. All other reaction parameters such as 
addition rate and ZnO concentration were kept constant during synthesis. Figure 5.17 
presented the absorption spectra which again showed no significant absorption in the 





Figure 5.17. Absorption spectra of CdS/ZnO NCs prepared with various 
concentration of CdTB added. 
 
 Instead, high absorption tail was again detected in the UV region, indicating 
formation of small nano-sized particles as synthesized in the previous investigation.  
In another attempt, we varied the total volume of the reaction mixture by changing the 
total volume of TEG used. The amount of ZnO dispersed in TEG is constant, and the 
amount and injection rate of CdTB precursor was also kept constant. 
Absorption spectra in Figure 5.18 showed samples synthesized with total TEG 
volume of 5 ml and 8 ml respectively. A distinct difference is clearly detected for the 
visible region of the spectrum, with an enhanced absorption and a broad shoulder at 
420 nm when the total TEG volume was reduced to 5 mL, probably due to the 





Figure 5.18. Absorption spectra of CdS/ZnO NCs prepared with total TEG volume of 
8 ml and 5 ml respectively. 
 
Further TEM analysis (Figure 5.19 and Figure 5.20) was carried out and discrete 
particles was found to be deposited on the ZnO host without clustering. Particle size 
analysis indicates an increase of average sizes from 3.5 ± 1.0 nm to 4.2 ± 0.8 nm 
when the total TEG volume was reduced from 8 to 5 mL. Although the size increase 
was not significant, this is consistent with the observed shift in the absorption profile 
in Figure 5.18. this observation was found to be consistent with theoretical 
calculations12 as shown in Figure 5.21, where particle size region above 4 nm would 





Figure 5.19. TEM images of CdS/ZnO NCs prepared with total TEG volume of 5 ml. 
 
 






Figure 5.21. Variations of the band gap as a function of the diameter for CdS. The 
solid line represents the expected values obtained from the tight-binding results (X) 
and the dashed curve from the effective-mass approximation.6  
 
5.5 Photocatalysis Studies 
In this Section, photocatalysis studies using methylene blue dye with set-up as 
described in Section 2.7 was conducted. Two series of samples were compared: the 
first series consisted of CdS/ZnO composite synthesized using varying amount of 
CdTB as detailed in Section 5.3; the second series consisted of samples with different 
CdS sizes as given in Figures 5.19 and 5.20.  
Degradation of MB over 120 minutes of irradiation in the presence of various 
CdS/ZnO catalyst samples was monitored with absorption spectroscopy as shown in 
Figure 5.22. It was found that the MB dye degraded by 22%, 21%, 24% and 25% for 
catalyst samples prepared with 0.25 ml, 0.50 ml, 0.75 ml and 1.00 ml CdTB 




density of CdS component, demonstrated the importance of having sensitizer that can 
absorb efficiently in the visible region.  
 
Figure 5.22. Absorption spectra showing the degradation of methylene blue in the 
presence of various CdS/ZnO catalysts prepared with varying amount of CdTB feed. 
 
The second series of catalyst samples, on the other hand, gave a larger difference in 
the MB degradation. Figure 5.23 showed that the catalyst sample with ~4.2 nm CdS 
NPs has better catalytic performance (28% degradation) compared to that with 
average size of ~3.5 nm (22% degradation). From this photocatalytic investigation, 
we found that the size of CdS affects the catalytic efficiency. This can be accounted 





Figure 5.23. Absorption spectra showing the degradation of methylene blue in the 
presence of CdS/ZnO catalysts prepared with varying total TEG volume and thus 
different CdS sizes. 
 
5.6 Deposition of Other Metal Sulfide 
To demonstrate the versatility of our developed method, we modify the synthesis by 
changing the thiobenzoate precursor added. Using the same experimental conditions, 
we change the precursor to silver thiobenzoate and zinc thiobenzoate respectively. 
From TEM analysis shown in Figure 5.24 and 5.25, silver sulfide and zinc sulfide was 





Figure 5.24. TEM image of Ag2S/ZnO NCs prepared. 
 
 








In summary, we have proposed a synthesis method to deposit nano-sized CdS 
sensitizer on ZnO NRs host. We have demonstrated that the amount and sizes of the 
deposited NPs can be effectively controlled though the tuning of reaction parameters. 
Photocatalytic activity was investigated using methylene blue dye degradation and it 
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Chapter 6 Photocatalytic Reactor Prepared with Nanoimprint 
Lithography 
6.1 A Brief Review on the Immobilization of Photocatalysts 
As discussed in Section 1.4, catalyst recovery and recycling processes can be tedious 
and inefficient. This problem is particularly apparent for nano-sized catalysts, thus has 
limited their applicability in large scale processes. On the other hand, efficiency of 
photon-delivery is non-trivial in reaction system comprising of a suspended catalyst, 
because light scattering and absorption can be potentially severe. Photon delivery 
performance is expected to fare worse for a large reaction vessel with a large amount 
of liquid medium, making such photocatalytic processes difficult to be carried out in a 
commercially feasible manner.1 
In order to overcome such limitations, numerous attempts have been made to 
immobilize catalyst onto support such as glass fibers, plates, beads, honeycombs and 
zeolites.2-8 In addition to the advantages of allowing easy recovery of the catalyst, 
supports such as glass fibers and plates also allow light to pass through and guided 
directly to the immobilized catalyst. However, catalyst immobilization could lead to a 
dramatic reduction of active surface area. This is in contrast to commonly employed 
slurry-type reactor, which offers excellent mass transfer for the reaction between 
freely-dispersed catalytic particles and targeted reagents. Another problem with 
immobilization of catalyst is the lack of strong attachment between the particles and 
support, thus limiting the effective lifetime of the catalyst system.9  
Many immobilization techniques have been developed to enhance the binding 
between the support and catalyst. These include using catalyst precursor to directly 
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synthesize the catalyst onto the support, such as in the case of sol-gel and CVD 
methods.10 However, these methods eliminate possible use of catalyst derived from 
colloidal chemistry, where major advancement in synthesis and modification had been 
achieved. Another method that had been previously investigated was to roughen the 
support surface in order to enhance the binding and interfacial contact.1,11,12 However, 
due to the random and uncontrollable surface topography resulted, light was not 
guided evenly through the medium  but emerged within a few centimeters through the 
medium and was hence not delivered to the majority of the catalyst immobilized.11 
In this Chapter, we propose to produce immobilization of nanocatalysts using 
nanoimprint lithography (NIL). NIL is a well-established imprinting technique 
recently gains wide interest due to its potential for scale up industrial applications.13 
Through pressing a deformable material or liquid onto a rigid topographical mold at 
high pressures, NIL can create surface topography with good precision and 
repeatability. Sometimes, UV light is applied to simultaneously cure and harden the 
matrix before the mold is removed.  
 
6.2 Immobilization of Photocatalysts using NIL 
With slight modification to the conventional NIL process (Section 1.4.2), we suggest 
to simultaneously imprint and cure a polymeric binder together with catalyst particles. 
This allows the catalyst particles to be immobilized directly onto a substrate that can 
act as light guide for maximum light capturing and catalytic activation (Figure 6.1). 
With appropriate design of the mold, topography with enhanced surface area can be 
achieved. In this way, we overcome the effect of poor mass transfer typically 




Figure 6.1. Schematic diagram showing the light guided path through the waveguide 
to the catalyst particles for reaction. 
 
In our approach, the pre-formed catalyst was coated onto the mold surface prior to 
imprinting. Thus, the type and form of catalyst particles used can be changed readily. 
Moreover, since the particles are spread onto the mold before the viscous polymeric 
precursor was introduced, aggregation of particles is avoided.  
The incorporation of polymeric binder via NIL offers additional advantage of 
circumventing the problem of poor light transmission (Figure 6.2). Due to low 
interfacial contact between the support and the catalyst particles (Fig. 6.2B), light will 
escape through the guiding medium as an evanescent wave instead of being captured 
by catalyst particles.1 The addition of polymeric binder with matching refractive index, 
on the other hand, allows light to be directed to the catalyst surface without being lost 
to the surrounding medium (Fig. 6.2A). Furthermore, any optimization to enhance the 
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adhesion can be carried out between the support and the binder, making our proposed 
technique versatile and applicable to a wide range of catalytic particles. 
 
Figure 6.2. Schematic diagram showing the transmission of light through the 
immobilized catalyst imprinted (A) with and (B) without polymeric binder. 
 
In this study, silicon grating molds with 2μm line width spacing and depth were used 
as the master mold. These molds were cut into 20mm x 20mm size and cleaned 
sequentially with piranha solution, acetone, isopropanol and oxygen plasma (80 W, 
250 m Torr for 5 min) before treated with anti-stick coating 1H,1H,2H,2H-
perflourodecyltrichlorosilane (FDTS). Replicated molds on quartz plates should first 
be prepared following steps as shown in Figure 6.3. In this case, we have chosen to 
use Ormostamp®, an UV-curable inorganic-organic hydrid polymer from Microresist 
Technology as the binder precursor. Quartz plates of 20mm x 20mm were cleaned 
sequentially with piranha solution, acetone, isopropanol and oxygen plasma (80 W, 
250 m Torr for 5 min) before treated with adhesion promoter Ormoprime®, also 




Obducat AB Nanoimprinter. Ormostamp® was drop-casted onto the mold before 
imprinting (20bar, 30°C, 300s, 3s UV cure) and simultaneous UV curing.  
 
Figure 6.3. Schematic diagram showing the replication of mold using Ormostamp. 
 
In the next step, photocatalyst particles were imprinted onto larger pieces of quartz 
plates that act as light guide (Figure 6.4). Aeroxide P25 Titania purchased from 
Aerosil was utilized as the standard photocatalyst in this study. The titania was first 
dispersed in ethanol, drop-cast and spread-coated evenly with a thin rod on the 
replicated molds prepared above and then air-dried. Next, a wave-guiding quartz plate 
of 20mm x 60mm dimension was treated with Ormoprime surface binding enhancer 
and drop casted with Ormostamp on both sides. Three replicated molds coated with 
photocatalyst were placed on each side of this quartz plate and imprinting was carried 




Figure 6.4. Schematic diagram showing the immobilization of catalyst particles using 
nanoimprint lithography. 
 
Following the catalyst transfer, SEM was utilized to investigate the results of this NIL 
process. As shown in Figure 6.5, the topography transfer from the mold was 
successful and line patterns were observed uniformly on the support. The presence of 
the catalyst particles did not affect the imprint process, although the particles may be 




Figure 6.5. SEM images showing the immobilized catalyst on quartz substrate 
without any post-treatment. 
 
In order to confirm the presence of catalyst on the imprinted surfaces, absorption 
spectra of the quartz substrates before and after imprinting were compared.  As shown 
in Figure 6.6, the presence of TiO2 absorption at 370 nm was clearly detected and this 





Figure 6.6. Absorption spectra of the imprinted support with and without TiO2 
catalyst. 
 
In the following sections, we attempt to optimize the catalytic reactor in terms of the 
exposure of catalyst surface, the density and distribution of catalyst particles on this 
NIL-imprinted reactor. 
 
6.2.1 Removal of Residual Layer Using Oxygen Plasma 
To attain the full potential of the immobilized photocatalyst, it is crucial that the 
photocatalyst have maximum interaction with the reactants. In the NIL process, there 
will always be a layer of polymeric binder residing on top of the catalyst particles (top 
illustration in Figure 6.7).  Thus, in order to enhance the concentration of catalyst on 
the surface, reactive ion etching (RIE) with oxygen plasma (80W, 10Bar, 5 min) was 




Figure 6.7. Schematic diagram showing the imprinted catalyst before and after RIE 
process with oxygen plasma. 
 
SEM images shown in Figure 6.8 revealed the different extent of catalyst exposure 
when the imprinted topography was subjected to various durations of oxygen plasma 
(3 min, 6 min and 9 min). It can be observed that catalyst particles are almost fully 







Figure 6.8. SEM images of imprinted catalyst with various duration of RIE with O2 
plasma. 
 
6.2.2  Distribution of the Catalyst Particles within the Imprints 
In the followings, we investigate the distribution of catalyst particles within the 
imprints after two different immobilization processes. We make use of higher power 
(150W) oxygen RIE, which not just etch the surface but also penetrate and etch the 
binder matrix beneath the catalyst in this investigation.  
In the first immobilization process, we dispersed the catalyst into the binder precursor 
and drop cast this on the mold before imprinting onto the support. As shown in Figure 
6.9, after 5 min of high-power O2 plasma, catalyst particles were still observed within 
the channel topography sparingly. Further treatment with high-power O2 plasma was 
found to dislodge TiO2 from the support. 
No O2 Plasma  3min O2 Plasma




Figure 6.9. SEM images of immobilized catalyst imprinted from TiO2 dispersed in 
binder precursor (a) before O2 plasma, and (b) after 5 min O2 plasma. (Insert) 
Magnified image. 
 
In the second immobilization process, we first deposited the catalyst onto the 
replicated mold instead of the binder precursor (i.e. first step in Figure 6.4), before the 
imprinting process. As shown in Figure 6.10, 5 minutes of high power plasma 
treatment will etch away the top layer of the binder almost completely. With 10 
minutes and higher duration of etching, SEM images suggested that etching has 
occurred within the polymer channels beneath the catalyst particles. Hollow channels 
were detected in abundance, clearly demonstrating that catalyst particles have been 
preferentially deposited on the top layer of the imprinted patterns. The effect of high 
power RIE and the etching process are schematically illustrated in the cartoons 








Figure 6.10. SEM images of immobilized catalyst imprinted by first depositing TiO2 
onto the replicated molds, after high power oxygen RIE treatment for (a) 5 min, (b) 10 
min, (c) 15 min. Schematic cartoons of the etching process are illustrated at the 
bottom.  
 
Thus, in summary, the two different initial steps have resulted in a variation of 
particle distribution within the imprints (Figure 6.11). When the catalyst particles 
were directly dispersed into the binder precursor, they dispersed homogeneously and 
were randomly deposited within the binder matrix. On the other hand, when the 
catalyst particles were spread onto the mold before the imprint process, most of the 
particles were deposited on the binder surface. The latter approach apparently 
enhances the probability of catalyst particles coming in direct contact with the 






Figure 6.11. Cartoons showing different distribution of catalyst particles arising from 
different initial imprinting step. 
 
6.3 Catalytic Performance of the Imprinted Systems 
Photocatalytic efficiency test was carried out using standard 10 mg/L methylene blue 
(MB) solution. The degradation of MB was carried out in two types of reactor cell 
configurations (Figure 6.12), depending on the intended studies. For the “top-open” 
cell, light can be fully admitted from the top window and this is similar to slurry-type 
catalytic set-up. The “slit-open” cell, on the other hand, only admits light through the 
slit of the wave-guiding support.  
        
Figure 6.12. Schematic diagram for two different reactor cell configurations: (Left 
two, “top-open” cell) with light fully admitted from the top window; (Right two, “slit-





The light source utilized in our studies is an ABET Technologies Sun 2000 solar 
simulator. 2 mL aliquots were drawn at fixed time interval from the test solution and 
the concentration of MB was monitored using UV-vis absorption spectroscopy as the 
absorbance at 663nm. Degradation efficiency was calculated using the following 
equation: 
 
where C0 and Ct represent respectively the initial concentration of MB at t = 0 and 
that at time t. 
Firstly, the catalytic efficiency of the imprinted system with various duration of O2 
plasma treatment was evaluated using the “top-open” configuration and the results are 
tabulated in Table 6.1. Thus, it can be seen that catalyst system without O2 plasma 
treatment degraded the MB dye by 20.1% after exposure to 120 min of simulated 
solar light. The degradation rate hastened when the imprinted catalyst systems were 
treated with oxygen plasma. System with 9 minutes of O2 plasma showed a 









Table 6.1. Methylene blue degradation versus the extent of O2 plasma treatment for imprinted 
TiO2 catalyst system. The “top-open” configuration was used in this test. 
Length of O2 
Plasma (min) 
Absorption due to 
Methylene Blue  









From these results, we could correlate directly the catalytic efficiency attainable with 
the extent of exposed catalyst residing on the topography interface. Hence, for catalyst 
system without RIE treatment, the catalyst particles were embedded and the reactant 
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molecules have to penetrate into the polymer binder matrix for reaction to occur. For 
catalyst system subjected to extensive oxygen plasma (i.e. beyond 9 min treatment), 
on the other hand, the catalyst particles were found to dislodge into the test solutions 
due to extensive removal of the polymer binder. 
 
6.3.1 Optimal Amount of Catalyst    
Due to poor mass transfer, a larger amount of catalyst immobilized may not translate 
directly into enhanced catalytic efficiency. In addition, when multiple layers of 
catalyst are immobilized onto the support, charge carriers generated far from the 
reactants-liquid interface would be susceptible to recombination loss during the 
charge migration.14-16 In this section, we attempted to study the optimal amount of 
catalyst needed to imprint on our proposed catalyst system.  
Firstly, the amount of catalyst required to coat a monolayer on the mold was 
estimated. The surface area of a 2 x 2 cm mold with line pattern of channel width and 
depth of 2 μm was approximately 8 cm2. By assuming the catalyst particles is of 
uniform spherical shape and packed in a regular hexagonal manner with packing 
density of 0.9069,17 the total area that the catalyst particles occupy will be 
approximately 7.26 cm2. The photocatalyst Aeroxide® P25 used has particle size of 
about 21 nm and density of 4.26 g/mL. The weight of catalyst that was estimated to 
form a single layer was 0.0865 mg as shown below. It should be pointed out that this 
estimation is likely to be an under-estimate due to the size variation of the catalyst 






Using this estimation, 25 mg of TiO2 was dispersed into 1 mL of ethanol such that 
every 2 uL of the mixture would deposit 0.05 mg of catalyst. The mixture was 
dropped casted and spread homogenously on the mold surface using a thin rod. In 
order to attain coating of different amount of catalyst, the 2 uL-coating steps were 
repeated, 2, 3, and 4 times respectively. Catalysis studies were performed using 4 
molds coated with the same number of coating cycles. MB degradation was 
monitored over 2 hours and 4 hours for the “top-open” and “slit-open” setup (Figure 
6.12) respectively.  
In Table 6.2, catalytic performance was found to improve up to 3 coating cycles for 
the “top-open” cell. After 2 hours of exposure to solar light, the percentage of MB 
dropped from 53% to 39% and to 27% for immobilized support with 1, 2 and 3 
coating cycles respectively. However, with 4 coating cycles, the catalytic performance 
was found not to be better, with 31% methylene blue dye remaining.  
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Table 6.2. Methylene blue degradation versus the amount of TiO2 catalyst imprinted. Each drop-
cast cycle is estimated to deposit 0.05 mg of catalyst. The “top-open” cell configuration was used 
in this test. 
No of coating 
cycles 
Absorption of Methylene 
Blue 












SEM analysis was carried out to probe the distribution of the catalyst particles as 
shown in Figure 6.13. Thus, after 1 coating cycle, the imprinted surface was sparsely 
distributed with catalyst particles. The imprinted surface was almost fully filled with 
the catalyst only after the 3rd coating cycle, an observation in agreement with the MB 
degradation results in Table 6.2.  
 
Figure 6.13. SEM images of immobilized catalyst at various coating cycles, with the 





For the “slit-open” set up, similar trend was found as shown in Table 6.3, although the 
rate of degradation is expectedly much lower than the “top-open” setup in general. It 
is also noted that, for the “slit-open” setup, system with 4 coating cycles offers worse 
performance compared to that with 2 coating cycles. This is probably because the 
additional catalyst particles embedded below the top layer (Figure 6.13) have 
contributed to some amount of light scattering at the interfaces. 
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Table 6.3. Methylene blue degradation versus the amount of TiO2 catalyst imprinted. Each drop-
cast cycle is estimated to deposit 0.05 mg of catalyst. The “slit-open” cell configuration was used 
in this test. 
No of coating 
cycles 
Absorption of Methylene 
Blue 










From these series of studies, we demonstrated that the actual surface area presented 
with the NIL topography was critical and there is an optimal amount of catalyst to 
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immobilize. Overloading the support with catalyst does not necessarily translate to 
better catalytic efficiency, and in the case where wave-guiding support is intended, 
overloading with catalyst could even be detrimental to the efficiency.  
 
6.3.2 Comparison with Catalysts Embedded onto Flat Wave Guide 
In this section, we perform a control study using featureless (i.e. flat, without patterns) 
wave guides in order to demonstrate the advantage of the imprinted patterns. Thus, 
the NIL imprinting process was carried out using the same method as described above 
on a blank quartz mold (i.e. in place of the replicated quartz mold in Figure 6.4). The 
immobilized catalyst system was subjected to the same oxygen RIE treatment using 
the same conditions and its catalytic efficiency was evaluated in the same way with 
MB dye. 
Figure 6.14 compared the catalytic performance of catalyst systems with flat and line 
topography imprints. As expected, degradation of MB is slower in the former system 
due to the lower total exposed surface area. From the SEM analysis (Figure 6.15), it 
can be seen that excess catalyst particles were embedded within the binder on the flat 





Figure 6.14. Absorption spectra of methylene blue dye degradation using (a) flat 




Figure 6.15. SEM images of the flat quartz mold with imprinted catalyst (a) before oxygen 
RIE, (b) after oxygen RIE. 
 
6.3.3 Wave Guiding Effect of the Support 
Reported immobilization techniques have demonstrated varying results in terms of the 
actual effectiveness and the depth of the wave guiding phenomenon.11,18 In order to 
investigate the effectiveness of our wave guide system, we performed a series of 
efficiency tests in this section. Thus, three waveguides with length of 2 cm, 4 cm, and 





tests, the “slit-open” setup was used such that the photocatalysts were activated only 
through light that was guided through the catalyst support. 
 
Figure 6.16. Cross-sectional schematic diagram for testing wave guides with various 
length in the “slit-open” setup. 
 
As shown in Figure 6.17, increasing MB degradation was found to correspond with an 
increasing length of the waveguide. Since light was only admitted through the top slit, 
this result confirmed that light can indeed be guided through the 6 cm long system to 
activate the immobilized catalyst furthest from the point of light admission.  This 
demonstrated the effectiveness of our chosen system, as compared to reported 
literature where light could not be guided past a few centimeters.11,16 
 
Figure 6.17. Absorption spectra of methylene blue dye before (black) and after 8 
hours (red) of degradation with imprinted waveguides of different length: (a) 6 cm, (b) 




6.3.4 Recyclability of the Imprinted Catalyst Systems 
Finally, we perform the catalytic experiments in repeated cycles on the same 
imprinted system in order to investigate the recyclability of the immobilized catalyst. 
In each cycle, fresh solution of MB was introduced and the degradation was carried 
out using the imprinted plate under 2 hours of solar irradiation. As demonstrated in 
Figure 6.18, the degradation efficiency only suffers a slight deterioration, with 
remaining dye hovering between 60 to 70% after each cycle.  
 
 
Figure 6.18. Degradation of methylene blue under 2 hours of irradiation in each cycle 






    
Figure 6.19. SEM images of the immobilized catalyst after several cycles of 
application in methylene blue degradation. 
 
However, after some cycles, we observed that the catalyst system appears coloured 
due to MB adsorption. Thus, we regenerated the catalyst by immersing the plate in 
deionized water under simulated solar light for a further 2 hour after the 6th cycle. 
Subsequently, as shown in Figure 6.18, the degradation efficiency returned to the 
level previously attained. SEM analysis after the studies (Figure 6.19) clearly 
demonstrates that the catalyst particles remained intact onto the support after repeated 
cycling in catalysis testing. 
 
6.4 Summary 
In summary, we have demonstrated the feasibility of utilizing NIL for catalyst 
immobilization to produce versatile photocatalytic reactors. The enhancement brought 
about by the novel introduction of topographies has great potential to improve the 
mass transfer problem happens in most common reactor designs. The combination of 
a suitable polymeric binder provides good recyclability and ease of recoverability of 
Chapter 6 
143 
the catalysts. Careful and further optimization is required to coat a suitable amount of 
catalyst in order to obtain the best performance. 
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Chapter 7   Conclusion and Outlook 
This thesis describes various wet-chemical synthesis methods that yield nano-sized 
materials for optical and catalytic studies. Using polyol solvent system, metallic 
copper nanoparticles, copper/zinc oxide and cadmium sulfide/zinc oxide 
nanocomposites have been successfully synthesized. In an attempt to recover and 
recycle the nano-sized catalytic materials, a photocatalytic reactor was designed using 
nanoimprint lithography technique also in this thesis.  
Several conclusions can be drawn from these studies as listed below:  
 In our approach, metallic copper NPs were successfully synthesized through 
the reduction of cuprous oxide using ascorbic acid as the reducing agent. 
Copper particles with sizes ranging from 46 to 90 nm were isolated and a clear 
correlation between size and plasmon absorption varying from 570 to 592 nm 
was obtained. Compared with the reduction of Cu(II) salt, we demonstrated 
that the reduction from cuprous Cu(I) was essential in giving Cu NPs with 
distinct plasmon peak.  
 We developed a method using a dual glycol system to deposit/couple discrete 
Cu NPs of tunable sizes onto pre-formed ZnO NRs. We found that such glycol 
solvent mixtures provided a balanced equilibrium for the reduction of Cu 
while the intrinsically poor capping capability of glycol enhanced the tendency 
of Cu to deposit onto the host. A clear linear correlation of Cu plasmon peak 
positions  with variation of deposited Cu particle sizes was again obtained. 
Stable and discrete Cu NPs were obtained despite deliberately leaving out 




Absorption spectra analysis suggested that there exists strong electronic 
interaction between the coupled components. 
 The synthesized Cu NPs/ZnO NRs composite exhibited robustness in 
catalysing ethanol steam reforming that occurred at temperature up to 
600°C.The enhanced electronic interaction, together with the discrete and size-
tunability of Cu NPs on the ZnO NRs, have offered good catalytic behavior 
and selectivity for steam reforming.  
 Using similar dual glycol system, nano-sized CdS sensitizer were successfully 
deposited on ZnO NRs. Cadmium thiobenzoate was chosen as the precursor 
and the density of CdS NPs deposited can be varied by simply changing the 
amount of precursor added. Different sizes of CdS NPs could be formed via  
variation in the total TEG volume used in the synthesis. Photocatalytic activity 
of the coupled sensitizer/host system was demonstrated using methylene blue 
dye degradation . 
 Finally, we proposed a novel photocatalyst immobilization technique using 
NIL, and demonstrated its potential to fabricate versatile photoreactor. 
Catalytic enhancement brought about by the printed topographies has good 
potential to improve the mass transfer problem that usually happens in reactor 
designs with immobilization technique. The combination of a suitable 
polymeric binder provides recyclability and ease of removal that are lacking in 
conventional slurry reactor.  
 Photocatalytic studies using standard TiO2 catalysts have demonstrated that 
our proposed NIL-imprinted photoreactor can be readily optimized using pre-




thus the density of catalyst particles; (ii) the surface topography and an 
optimal amount of catalyst to be immobilized; (iii) good penetration of light 
guided through the chosen support.   
 
As a further work, we believe our synthesized nanocomposites can be applied in other 
catalytic applications such as carbon dioxide conversion or water splitting. Using the 
deposition method developed, other materials such as PbS, Ag2S and Cu2Smay also 
be readily deposited with slight modifications. Successful examples have just been 
concluded in an Honours project utilizing the proposed methodology to deposit CdS 
and Ag2S onto tungsten oxide nanoplates. 
For the catalyst immobilization method using NIL, a wider range of topography may 
also be investigation. We believe that the optimal amount of catalyst to be deposited 
can be increase significantly by simply using topography with higher surface area. In 
combination, we can work towards using the developed materials and the designed 
reactor to fabricate a highly energy efficient photocatalytic system. 
 
